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ABSTRACT 

This  report  describes  a  theoretical  and  experimental  study  of  the 
effects  of  structural  length  and  compressibility  on  soil— structure  inter¬ 
action  conducted  for  the  Defense  Atomic  Support  Agency.  This  study  is 
based  on  the  applications  of  basic  concepts  of  active  and  passive  arching 
involving  development  of  shear  planes  in  the  soil,  to  soil —structure 
interaction. 

The  basic  theory  of  static  active  and  passive  arching  is  reviewed, 
and  theoretical  relationships  describing  the  effect  that  structural  geom¬ 
etry  (length  to  span)  has  on  the  load  on  the  structure,  are  developed. 
Equations  are  developed  for  passive  and  active  arching  for  deeply  buried 
idealized  compressible  cylindrical  structures  vertically  oriented.  Linear 
and  nonlinear  soil  conditions  are  investigated.  The  equations  presented 
indicate  that  the  effect  of  span,  height  (length),  and  compressibility  of 
the  structure,  and  ->f  the  ratio  of  lateral  to  axial  stress,  coefficient  of 
internal  friction,  and  compressibility  of  the  soil  are  important  in  deter¬ 
mining  the  load  on  the  structure. 

Equations  are  also  derived  to  predict  the  load  (on  a  trap  door)  result¬ 
ing  from  differential  strains  occurring  between  the  trap  door  and  the  bottom 
of  the  soil  bin.  Both  active  and  passive  arching  cases  and  linear  and  non¬ 
linear  soil  conditions  are  considered.  The  equations  developed  indicate 
the  effect  ot  spaa  of  the  trap  door  and  the  ratio  of  lateral  to  axial  stress, 
coefficient  of  internal  friction  and  compressibility  of  the  soil  on  the 
load  on  the  trap  door. 

A  limited  experimental  program  was  conducted  to  Investigate  the 
effects  of  the  ratio  of  the  soil  to  structural  compressibility  on  the  load 
the  s'ructurc.  Good  crrrelr.ti jns  are  shown  between  the  results  of  this 
study  and  the  theoretical  predictions  employing  soil  parameters  measured 
in  normal  laboratory  soil  tests.  Similar  correlations  employing  soil 
parameters  as  measured  in  normal  laboratory  tests  are  also  shown  between 
the  results  of  a  trap  door  experimental  study  conducted  by  another  inves¬ 
tigator  and  the  theoretical  predictions. 
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Also  discussed  are  the  effects  of  surface  soil  layers  on  tests  conducted 
on  model -sized  structures  in  the  shallow-depth-of-burial  condition.  The 
relationship  between  rate  of  loading  and  the  rate  of  structural  response  was 
shown  to  be  a  controlling  factor  in  determining  whether  the  loading  or  un¬ 
loading  stress  —  strain  relationship  governs  the  arching  behavior. 
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NOTATION 

=  nonlinear  .soil  modulus 

=  one-half  the  span  of  the  structure  (movable  section)  or  radius  of 
the  structure  for  a  finite  structure  (in  figures  from  Ref.  11,  B 
is  equivalent  to  2B  in  the  text) 


=  cohesion 

=  relative  compressibility 
=  relative  compressibility 

=  linear  soil  modulus 
^effective  modulus  of  the 


(linear  case)  Eso/Egj  . 

(A) 2/3 

(nonlinear  case)  — - - 

EST 


structure 


=  2K  tan  cp 

=  ratio  of  the  horizontal  (lateral)  to  the  vertical  (axial)  stress 
=  one-half  the  length  of  the  structure 


=  length- to-span  ratio 

(±\2/3 

~  \0Q)  B 

oc.  2K  tan  cp 


=  surcharge  per  unit  area 

K  tan  Cp 

B 


=  distance  from  reference  plane  to  point  of  interest 


=  overstress  or  relative  stress 


a  +  c 

o  a 


’  Y* 


=  understress  or  relative  stress, 

=  depth  of  the  soil 
=  distance  of  influence 


1 
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NOTATION  (Cont.) 

Y  =  unit  weight  of  the  soil 

=  differential  deformation  between  the  soil  and  structure  ut  the 
lower  face 

A  =  soil  deformation  over  2L  length  under  free-field  stress  O 
so  o 

A„„,  =  total  deformation  of  the  structure  over  and  under  0  ±  Cf  stress 

ST  o  a 

A^  =  net  deformation  A  - 
to  so  ST 

A  =  total  deformation  of  the  column  of  the  soil  between  the  vertical 
surfaces  of  sliding  below  the  structure 

=  deformation  of  the  free-field  soil  below  and  id  iacent  to  the  structure 

6  -  differential  deformation  between  trap  door  and  bottom  of  the  bin  in 
data  taken  from  Ref.  11 

e  =  soil  strain  related  to  the  free-field  stress  0 
so  o 

€x  -  strain  over  a  dx  element  at  any  point  x  within  the  vertical  surfaces 
of  sliding 

o  =  arching  stress 

<J.  -  horizontal  or  lateral  stress 

h 

0  -  free-field  stress 

o 

0  -  vertical  stress  on  a  horizontal  section  at  depth  Z 

0  =  vertical  stress  at  any  point  x  within  the  vertical  surfaces  of  sliding 
CTt  =  average  stress  due  to  sidewall  friction 
T  ^  shear  stress 

tan Cp  -  coefficient  of  internal  friction  of  the  soil 

cp'  ^  angle  of  friction  in  sidewall  friction  calculations 
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Section  1 
INTRODUCTION 

Since  February  1961,  URS  Corporation  has  been  conducting  a  research  pro¬ 
gram  in  the  field  of  soil  —  st ructure  interaction  for  the  Defense  Atomic  Support 
Agency  under  Contract  DA-49- 1 46-XZ-288 .  The  general  objective  of  this  research 
effort  was  to  provide  a  better  explanation  of  the  soil  —  structure  interaction 
phenomena  that  occur  around  a  structure  embedded  in  a  soil  medium  subjected 
to  nuclear-blast  environments.  Specifically,  the  research  described  herein 
was  directed  toward  an  understanding  of  the  basic  mechanism  of  soil  behavior 
in  soil  —  st ructure  interaction. 

This  program  was  divided  into  two  phases:  (1)  an  experimental  and  theo¬ 
retical  study  of  the  effects  of  structural  compressibility  on  soil  —  structure 
interaction  and  (2)  a  systematic  review  and  correlation  of  basic  ii>teiai.iion 
research  conducted  in  recent  years.  The  results  of  the  first  part  of  the  study, 
iirected  toward  an  understanding  of  the  basic  mechanism  of  static  soil  behavior 
in  soil—  structure  interaction,  are  reported  herein.  The  results  of  the  second 
phase,  directed  toward  establishing  the  present  state  of  knowledge  as  well  as 
furnishing  background  information  for  engineers  concerned  with  protective  con¬ 
struction  research  and  design,  are  reported  in  the  companion  report,  DASA  1711. 

This  report  is  organized  into  nine  sections  plus  references  and  an  appen- 
iix,  the  latter  describing  the  details  of  the  limited  experimental  program. 
Background  presented  in  Section  2  is  limited,  since  DASA  1711  covers  this 
subject  in  detail.  In  section  3  the  busic  concepts  of  soil—  structure  inter- 
iction  involving  active  and  passive  arching  are  reviewed.  Section  4  covers 
the  theoretical  development  of  equations  relating  the  total  load  on  a  buried 
structure,  under  linear  soil  conditions,  to  such  structural  parameters  as 
.ength,  span,  and  compressibility.  Modifications  to  account  for  the  effects 
>f  nonlinear  soil  conditions  are  considered  in  Section  5.  Application  of 
ictive  and  passive  arching  concepts  to  trap  door  experiments  (differential 
iisplacement)  are  investigated  theoretically  in  Section  6.  The  variou,  theo¬ 
retical  results  are  compared  in  Section  7  with  existing  data ,  including  trap 
loor  experiments,  and  those  obtained  in  the  present  experimental  program. 


Section  8  covers  a  brief  discussion  of  the  effects  of  surface  layers  on  model 
studies  of  arching,  and  Section  9  presents  the  conclusions  and  recommenda¬ 
tions  of  the  study. 


Section  2 
BACKGROUND 


A  considerable  effort  has  been  made  by  various  research  organizations  to 
iderstand  the  response  of  soil  and  structural  systems  to  nuclear  explosions 
i  order  to  provide  protection  for  our  retaliatory  capabilities.  This  effort 
is  generally  been  aimed  at  developing  fundamental  understanding  of  the  effects, 
icluriing  those  of  the  explosion,  coupling  of  the  explosive  energy  (both  direct 
id  air-induced),  wave  propagation  through  the  media,  soi 1  —  structure  inter- 
tion,  and  response  of  the  structure's  contents  to  motion  induced  by  the  soil  - 
ructure  interaction. 

Since  the  explosion  and  air-blast  pnen.xnena  are  better  understood,  the 
al  problems,  then,  are'  those  of  understanding  the  basic  phenomena  involved 
the  behavior  under  dynamic  loading  of  soils  and  structures  and  the  char¬ 
ter  of  the  soi 1  -  st rue t  tire  interaction  resulting  therefrom,  Basic  knowledge 
this  type  could  be  used  to  help  solve  a  specific  design  problem  or  to  tvalu- 
e  the  strength  of  existing  faeili  les. 

The  formidable  problems  of  understanding  the  dynamic  behavior  of  soil  and 
e  stress-wave  propagation  through  soil  are  exemplified  by  the  magnitude  of 
e  research  effort  already  directed  to  this  area.  Recent  URS  studies  aimed 
gaining  an  understanding  of  the  basic  mechanisms  of  dynamic  soil  behavior 
d  wave  propagation  in  soil  have  shown  that  it  is  possible  to  establish  re- 
tionships  between  particle  velocity,  wave  velocity,  and  the  secant  modulus 
the  dynamic  stress—  strain  relationship  under  shock  stress-wave  propagation 
efs,  1—5).  The  establishment  of  these  relationships  completes  the  first 
eps  in  providing  a  prediction  method  based  on  an  understanding  of  the  mecha1- 
sms  of  soil  behavior  during  loading. 

Even  though  the  design  of  underground  structures  subject  to  nuclear  blast 

an  extension  of  conventional  design  problems,  such  as  tunnels,  culverts,  and 

1 

taining  walls,  it  has  been  a  surprise  to  many  in  the  protective  construction 
2ld  to  discover  the  limitations  of  present  knowledge  regarding  the  response 
soi 1  -  st ructure  systems  even  to  static  loads.  Although  some  basic  concepts 
ce  been  developed  which  have  led  to  useful  procedures  for  specific  design 


problems,  there  are  not  enough  quantitative  data  regarding  basic  behavior  to 
provide  the  necessary  fundamental  understanding  for  general  design  purposes. 
Even  the  conventional  culvert  problem  is  difficult  if  the  parameters  are 
changed  beyond  their  usual  limits.  A  review  of  recent  studies  in  the  soil- 
structure  interaction  area  are  discussed  in  the  companion  report  for  this 
work,  DASA  1711.  Brief  reviews  of  some  of  the  pertinent  ones  are  also  pre¬ 
sented  in  Refs.  6  and  7. 
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Section  3 

SOIL-  STRUCTURE  INTERACTION  CONCEPTS 

Since  pai.-n/t  and  active  form  the  foundation  for  the  further  devel¬ 
opments  presented  herein,  this  section  is  devoted  to  a  brief  review  of  the  assump¬ 
tions  and  resultant  equations  developed  in  Refs.  6  and  8.  The  two  basic  concepts 
ot  soil  -structure  interaction  discussed  in  Ref.  6  show  the  applicability  of  ac¬ 
tive  and  passive  arching.  Since  most  real  structures  involve  complex  inter¬ 
relations  between  these  two  types  of  arching,  involving  local  flexibility  and 
pro.-:  <  empress  lhil  ltv  of  the  structure,  the  effort  in  Ref.  6  was  confined  to 
'he  ■•!  idealized  structures.  Only  extreme  conditions  ol  active  and  passive 

arching  were  developed  in  both  the  experimental  and  theoretical  programs.  This 
report  deals  with  the  conditions  between  these  extremes  as  influenced  by  the 
compress  1 bi 1 ltv  and  length  of  the  structure.  The  effects  of  local  flexibility 
is  not  treated  in  this  study. 

AD  1VE  ARCHING 

Tne  active  arching  case  investigated  in  Ref.  6  was  the  simplest  possible 
and  is  one  which  arises  when  an  idealized  structure  having  a  uniform  compressi¬ 
bility  across  the  entire  face  normal  to  the  direction  of  loading  is  embedded  in 
a  soil  of  lesser  compressibility.  This  difference  in  compressibility  results 
in  differential  strain  between  the  free-field  soil  and  the  structure  as  shown 
in  Fig.  1  These  differential  strains  result  in  a  redistribution  of  stress  by 
means  cf  the  shear  strength  of  the  soil. 

Sta'ic  active  arching  is  treated  in  detail  by  Terzaghi  in  Refs.  8  and  9. 

The  basic  assumption  of  static  arching  is  that  the  model  is  a  two-dimensional 
hall  plane  of  soil  resting  at  the  depth  Z  on  a  rigid  foundation  having  a  movable 
finite  section,  the  sell  being  subject  to  a  uniform  surface  pressure.  A  second 
assumption  i<>  that  the  movable  section  deforms  an  amount  sufficient  to  mobilize 
the  shear  forces  tc  the  surface.  This  is  an  extreme  case  of  active  arching  and  — 
for  shallow-buried  structures  -  exists  when  the  structure  compressibility  is 
great  enough  to  develop  the  entire  shear  force  available.  For  deeply  buried 
structures,  the  extreme  exists  when  the  shear  forces  are  great  enough  to  carry 
the  weight  ol  the  soil  above  it  and  the  surface  load. 


(b)  After  Surcharge 


D i sp  1  a  cement  s  Within  a  Soil  Mass  With  an  Inclusion  More 
Compressible  Than  the  Soil  (Active  Arching) 
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Figure  2  illustrates  the  assumptions  that  provide  the  basis  for  computation 
f  stress  in  the  soil  between  the  two  vertical  surfaces  of  sliding  in  the  active 
»se.  Solution  of  the  equations  resulting  from  a  summation  of  the  vertical 
>rces  at  equilibrium  results  in  the  following  equation  for  the  stress  at  a 
iven  depth  Z: 


a 


V 


B(  '  -  c  B)  f 
K  tan  y  \ 


-K  tan 
e 


Z  B\  -K  tan  X  Z/B 

♦  qe 


(1) 


lere 

B  =  one*half  the  span  of  the  structure  (movable  section) 

V  =  unit  weight  of  the  soil 
c  =  cohesion 

K  =  ratio  of  the  horizontal  (lateral)  to  the  vertical  (axial)  stress 
.n  X  =  coefficient  of  internal  friction  of  the  soil 
Z  =  depth  of  the  soil 

Cv  =  vertical  stress  on  a  horizontal  section  at  depth  Z 
q  =  surcharge  per  unit  area 

is  equation  is  for  the  solution  of  the  two-dimensional  condition  ano  is 
presenta4 ive  of  a  movable  section  having  a  unit  thickness,  i.e.,  unit  thick- 
ss  perpendicular  to  the  plane  of  the  figure.  For  a  section  having  a  circular 
oss  section  of  radius  B,  Eq .  (1)  becomes 


B 

2K  tan 


1  -  e 


-2K  tan  X  Z/B] 


-2K  tan  X  Z/B 


ere  all  the  terms  are  the  same  as  in  Eq .  (1),  except  B,  which  is  the  radius 
the  structure.  If  only  the  surcharge  is  considered,  i.e.,  Y  and  c  equal  0, 
ese  equations  can  be  reduced  to 


„  -K  tan  V  ZB 

0  =  qe 

v 


(la) 


C  =  qe 

v 


-l?K  tan  X  Z/B 


(2a) 
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Fig.  2a.  Failure  in  Cohesionless  Sand  Caused  by  Downward  Movement 
of  a  Long,  Narrow  Section  of  the  Foundation  (from  Ref.  8) 
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Fig.  2b.  Assumptions  on  Which  Computation  of  Stress  in  Sand  Between 
Two  Vertical  Surfaces  of  Sliding  Is  Based  (from  Ref.  8) 
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PASSIVE  ARCHING 

The  passive  arching  case  Investigated  in  Ref.  6  was  also  the  simplest  pos¬ 
sible  and  is  one  which  occurs  when  an  idealized  structure  having  a  uniform  com¬ 
pressibility  across  the  entire  lace  normal  to  the  direction  of  loading  is 
embedded  in  a  soil  of  greater  compressibility.  This  situation  results  in 
differential  strain  between  the  free-field  soil  and  the  structure  similar  to 
that  shown  in  Fig.  3.  These  differential  strains  result,  as  in  the  active 
case,  in  a  redistribution  of  stress  by  means  of  the  shear  strength  of  the  !  1 
soil . 

In  an  attempt  to  find  a  solution  to  the  static  passive  arching  case,  sim¬ 
ilar  to  that  presented  by  Terzaghi  for  the  static  active  arcning  case.  Ref.  6 
developed  a  similar  analysis  using  the  same  mathematical  principles.  The  basic 
assumption  m  this  case  is  that  the  model  is  a  two-dimensional  half  plane  of 
soil  subjected  to  a  uniform  surface  pressure,  with  a  rigid  inclusion  at  a  given 
depth.  The  second  assumption  is  that  the  inclusion  extends  to  infinity,  so 
that  a  sufficient  amount  of  differential  displacement  occurs  to  mobilize  the 
shear  forces  to  the  surface,  regardless  of  depth.  This  is  the;extreme  case  of 
passive  arching  for  all  depths  of  burial. 

Figure  4  illustrates  the  assumptions  that  provide  the  basis  for  computation 
of  stress  in  the  soil  between  the  two  vertical  surfaces  of  sliding  in  the  pas¬ 
sive  case.  Particular  attention  is  drawn  to  the  direction  of  the  shear  forces  T 
in  Fig.  4  as  compared  with  those  in  Fig.  2.  Solution  of  the  equations  resulting 
from  a  summation  of  the  vertical  forces  at  equilibrium  results  in  the  following 
equation  for  the  stress  at  a  given  depth  Z: 


_  B( V  +  c/D)  K  tan  i'  Z/B 
v  K  tan  £  e. 


,  K  tan  C  Z/B 

1  +  qe 


(3) 


The  terms  are  as  defined  following  Eq.  (1). 

Like  Eq.  (1),  this  equation  is  for  the  solution  of  the  two-dimensional 
condition  and  is  representative  of  a  structure  having  a  unit  thickness.  For 
a  structure  having  a  circular  cross  section  of  radius  B,  Eq.  (3)  becomes 


(a)  Before  Surcharge 


(b)  After  Surcharge 


Fig.  3  Displacement  Within  a  Soil  Mass  With  an  Inclusion  Less 
Compressible  Than  the  Soil  (Passive  Arching)  \ 
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Fig.  4.  Assumptions  Which  Provide  the  Basis  for  Computations  of  Stress 
in  the  Soil  Between  the  Two  Vertical  Surfaces  of  Sliding  for 
the  Case  of  the  Rigid  Inclusion  in  a  Half  Plane  of  Soil 
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°v  ~  2K  tan  9 


2K  tan  9  Z/B 


2K  tan  9  Z/B 


If  only  the  surcharge  Is  considered,  i.e.,  c  and  Y  equal  zero,  these  equations 
can  be  reduced  to 


.  K  tan  9  Z/B 

CJ  =  qe 
v 


(3a) 


„  2K  tan  9  Z/B 

a  -  qe 

v 


(4a) 


COMPARISON  OF  ACTIVE  AND  PASSIVE  ARCHING 

In  the  case  of  passive  arching  for  structures  of  finite  dimensions,  the 
amount  of  differential  deformation  is  dependent  on  the  length  of  the  struc¬ 
ture  and  the  relative  compressibility  between  the  structure  and  the  soil. 
Therefore,  a  rigid  structure  of  finite  size  will  cause  a  given  amount  of 
differential  deformation  to  occur  between  the  soil  and  the  structure  regard¬ 
less  of  the  depth  of  burial.  Since  the  amount  of  differential  deformation 
required  to  develop  all  the  shear  forces  between  the  structure  and  the  sur¬ 
face  is  dependent  upon  depth,  it  is  obvious  that  below  the  depth  at  which 
the  amount  of  differential  deformation  required  exceeds  the  amount  developed 
between  the  soil  and  the  structure,  the  load  on  the  structure  is  controlled 
by  the  differential  deformation  developed. 

It  can  be  expected,  then,  that  m  the  passive  case  the  load  on  the  rigid 
structure  will  increase  exponentially  as  the  structure  burial  is  increased, 
following  the  form  of  Eq.  (4)  or  (<la).  For  a  structure  of  finite  length,  the 
load  will  increase  until  some  critical  depth  is  reached,  below  which  point  the 
load  will  be  constant.  In  the  case  of  active  arching  the  load  will  decrease 
exponentially  as  the  structural  burial  is  increased,  following  the  form  of 
Eq,  (2)  or  (2a).  For  a  very  compressible  structure,  the  load  on  the  struc¬ 
ture  will  approach  zero  or,  in  the  case  of  a  structure  of  finite  compressi¬ 
bility,  the  load  will  become  constant  below  some  critical  depth.  Figure  5 
represents  a  plot  of  two  of  these  conditions  as  a  function  of  depth:  for  the 
maximum  active  arching  (a  very  compressible  structure)  curve  A,  and  for  the  pas¬ 
sive  arching  on  a  rigid  structure  of  finite  length  curve  B.  The  data  points  shown  are 
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Fig,  5.  Examples  of  Active  and  Passive  Soil — Structure  Interaction 
As  a  Function  of  Depth 
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URS  64  5- H 

for  a  URS*  exper  imenta  I  structure  in  wiiiih  only  n-icpiessi  bi  1  i  ty  »a»  varied 
(from  rigid  to  very  compressible).  it  is  obvious  that  *.»e  point  at  which  the 
break  in  Curve  B  occurs  will  vary  as  the  length  of  the  structure  varies,  and 
that  the  shape  of  Curve  A  and  the  upper  portion  of  Curve  B  will  vary  with  the 
span  of  the  structure  and  the  soil  properties. 

Since  these  two  curves  represent  the  extremes  in  relative  compressibility 
the  area  between  them  represents  the  various  conditions  of  relative  compress* - 
bilities  between  these  two  extremes.  This  report  deals  with  research  directed 
toward  gaining  an  understanding  of  static  soi 1  -  structure  interaction  in  the 
area  between  these  two  limits  and  toward  determining  the  influence  of  struc-  . 
tural  length  on  the  load  on  a  rigid  structure  in  the  deeply  buried  condition. 
One  point  between  the  two  extremes  is  known;  that  is  when  the  relative  com¬ 
pressibility  is  one,  i.e.,  when  the  soil  and  the  structure  have  the  same 
compressibility,  the  load  on  the  structure  is  equal  to  the  free- field  stress. 


*  The  data  were  reported  in  Ref.  6. 
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Suction  1 

EFFECTS  OK  STRUCTURAL  PARAMETERS 

As  discussed  earlier,  a  structure  of  finite  length  that  is  less  compressi¬ 
ble  than  the  soil  causes  a  differential  deformation  to  occur,  the  influence  of 
which  extends  some  distance  above  and  below  the  structure.  In  these  influenced 
areas  the  stress  will  be  greater  than  the  free-field  stress,  while  above  and  be¬ 
low  the  influenced  areas  the  stress  will  be  free-field.  If  the  distance  to  the 
point  where  the  influence  ceases  is  defined  as  the  distance  of  influence  Z^  , 
then  any  structure  for  which  the  depth  of  burial  Z  is  greater  than  the  distance 
of  influence  Z^  can  be  said  to  be  deeply  buried.  If  is  less  than  Z^,  then 
the  structure  can  be  said  to  be  shallow  buried.  Figure  6  illustrates  these 
conditions.  The  active  and  passive  arching  relationship  described  previously 
and  In  Ref.  6  cover  the  shallow-hurled  condition.  This  report  denis  princi¬ 
pally  with  the  deeply  buried  conditions. 

EFFECTS  OF  STRUCTURE  LENGTH  AND  SPAN 

Assume  a  1  -ht  circular  cylindrical  structure’"  of  2B  diameter  and  2L 
length  buried  at  a  depth  of  Z  such  that  Z^ ,  the  zone  of  influence,  is  less  than 
Z,  i.e.,  deeply  buried.  If  the  structure  is  considered  to  be  rigid  and  sitting 
on  a  rigid  foundation,  then  the  greatest  differential  strain  that  can  be  de¬ 
veloped  is  that  due  to  the  axial  shortening  of  the  soil  laterally  adjacent  to 
the  structure,  i.e.,  free-field.  In  the  case  illustrated  in  Fig.  7,  the  soil 

lie  lit 

element  2L  in  length  is  subjected  to  the  free-field  stress  c  ,  i.e.,  q;  there¬ 
fore  it  would  shorten  an  amount  equal  to  A  where 

so 

2LC 

-so  -  E  ~  <5> 

so 


*  While  the  following  relationships  can  be  developed  for  a  structure  of  unit 
thickness  (two-dimensional),  or  even  one  of  rectangular  cross  section,  the 
shape  chosen  was  a  right  cylinder  having  a  circular  cross  section  to  conform 
to  the  shape  of  the  structures  to  be  used  in  an  experimental  program. 

**  It  is  assumed  that  for  the  static  case  there  is  no  decay  of  stress  with  depth. 


(b)  DEEPLY  BURIED  STRUCTURES  Z>Z{ 

Fig.  6.  Zone  of  Influence  of  Ri^id  Structure 
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where 


a  free-field  stress 


s  one-half  the  length  of  the  structure 
»  soil  modulus  (assumed  to  be  linear)* 


Since  a  rigid  structure  is  being  considered,  ^so  amount  of  differ¬ 

ential  deformation  of  the  plane  through  the  upper  surface  of  the  structure. 

As  discussed  earlier,  this  will  result  in  downward  shear  forces  on  the  element 
of  soil  above  the  structure,  i.e.,  passing  arching  will  result.  If  this  pas¬ 
sive  arching  force  is  denoted  by  C  ,  an  average  arching  stress,  then  the  total 

average  stress  on  the  structure  can  be  expressed  as  3  +  ~  . 

o  a 

If  in  considering  the  stress  distribution  below  a  structure  completely 

surrounded  by  soil,  it  is  assumed  that  there  is  no  sidewall  friction  on  the 

sides  of  the  structure,  then  the  total  average  stress  on  the  top  surface  of 

the  structure  is  applied  to  the  soil  beneath  the  structure.  At  some  distance 

below  the  structure,  the  point  where  there  is  no  longer  any  influence,  the 

stress  in  the  soil  will  be  reduced  to  the  free-field  stress  C  .  It  can  be 

o 

assumed  that  the  arching  stress  was  redistributed  to  the  surrounding  soil 
by  means  of  shear  stresses.  It  is  further  assumed  that  this  can  be  repre¬ 
sented  by  the  concepts  of  the  vertical  surfacejs  of  sliding  used  in  the  develop¬ 
ment  of  Eqs.  (1)  and  (4).  A  simple  examination  of  the  soil  element  abed  in 

Fig.  8  shows  that  in  order  to  reduce  the  stress  from  0  +  0  at  the  point  . 

o  a 

immediately  below  the  structure  to  C at  the  plane  DD,  the  shear  forces  must 
be  upward.  This  means  that  at  any  point  x  below  the  structure,  the  stress 
is  described  by  Eq .  (2a)  [or  Eq.  (2)  for  the  more  general  solution],  which  can 
be  written 


0  ^  (0  +  a  )e 

x  o  a 


-2K  tan  CD  x/5 


This  relationship  is  onlv  true  while  0  2  C  ,  i.e.,  when  x  <  Z. ;  at  x  equal  to 

x  o  1  1 

or  larger  than  Z . ,  0  '  -  C  . 

ixo 


Relationships  for  the  case  of  a  nonlinear  modulus  are  presented  in  Section  5. 


URS  6-15-8 


2  B 
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Therefore 


_  — 2K  tan  >  Z./B 

ff  S  n  t  ff  )e  * 

o  o  a 


solving  for  the  zone  of  influence  Z,  gives 


„  tf  +  C 

7  B  ^  o  a 

Zi  =  2K  tan  CC  "  0 

o 


A  similar  static  analysis  at  the  upper  end  of  the  structure  can  be  made. 

At  the  point  above  the  structure  where  the  influence  of  the  structure  ends,  i.e., 

at  Z. ,  the  stress  in  the  soil  element  above  the  structure  is  equal  to  the  free- 

1  * 
field  stress,  CQ .  At  this  point  there  also  is  no  differential  strain  between 

the  soil  inside  and  outside  the  projected  vertical  surface  of  sliding,  there¬ 
fore  the  deformation  of  the  column  of  soil  above  the  structure  has  to  be  equal 
to  the  differential  displacement  between  the  soil  and  the  structure  at  the  top 
surface  of  the  structure.  Therefore,  in  Fig.  9  the  plane  AA  can  be  used  as  a 
reference,  since  it  moves  the  same  amount  over  both  the  affected  and  unaffected 
areas.  Further,  since. the  soil  outside  the  vertical  surfaces  of  sliding  move 
downward,  the  shear  forces  must  be  downward;  hence,  passive  arching  occurs, 
the  stress  0^  at  any  point  x  within  the  affected  area  can  be  written  as 


a  =  0  e 
x  o 


2K  tan  "  x/B 


As  defined  above  0^  at  the  surface  of  the  structure  is 


0  =  Z  +0 

x  o  a 


Therefore,  by  equating  Eqs.  (8)  and  (9)  at  x  =  Z  , 


_  _  2K  tan  r  Z, ,  B 

+  0  =  C  e  1 


0  +  0  =  ff  e 

o  a  o 


*  This  means  tnat  all  points  on  plane  AA  (Fig.  9)  move  uniformly,  i.e.,  body 
motions  of  the  free-field  are  not  of  concern. 
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Fig.  9.  Zone  of  Influence  Above  a  Rigid  Structure 
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and  substituting  in  Eq.  (15) 


0+0 

t  =  — - — 

x  2E  S 
so  p 


c‘2SPZi 


(15a) 


Substituting  in  Eq.  (11)  gives 


zt  -  H-  *■ 

p 


0  +  0  I 

o  a 


(13a) 


or 


2S  Z.  =* 

P  i 


0  +  0 
In1  ----- a 


(lib) 


Further,  substituting  Eq .  (lib)  into  Eq .  (15a)  gives  for  the  deformation  of 
the  soil  element  abed 


t  _  _ _ : 

'x  2E  S 
.  so  p 


0+0 
.  o  al 
-tn 


1  -  e 


(16) 


Since  the  stress  below  the  plane  DD  in  Fig.  10  is  0^,  all  points  in  the  plane 
DD  must  move  uniformly,  and  therefore  it  can  serve  as  a  reference.  By  examin¬ 
ing  the  free-field  portion  of  the  soil  element  DDCC,  i.e.,  excluding  the  ele¬ 
ment  abed,  it  can  be  seen  that  since  it  is  compressed  under  an  average  stress 
of  0^  (free-field  stress),  the  amount  of  deformation  of  the  CC  plane  is  to  the 
C’C'  position  and  is  represented  by 


=  e 


o  z 

o  1 


(17) 
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Substituting  Eq.  (11a)  gives 


0  0  4  O  \ 

,  O  J  O  a  | 

\  -  2E-r  —0— 

J  so  p  o  * 


(ill) 


The  differential  deformation  between  the  two  elements  C’C'DD  and  abc'd'  is 


L.  *  L  -  L 

B  x  y 


(19) 


Substituting  Eqs.  (16)  and  (18)  in  (19)  gives 

f  to  *  a 


'  -t. 


r* 

w  t 

2t 

S 

so 

P 

o 

J!\ 

G~ 

jc 


C 

a  4  a 

o 

o  a 

2E  S 

G 

so  pi 

o 

(20) 


and  represents  the  differential  motion  between  the  soil  directly  under  the 
structure  and  the  free-field  soil  and,  hence,  the  differential  motion  between 
the  soil  adjacent  to  the  structure  and  that  of  the  structure. 

An  examination  of  the  soil  element  represented  by  BBCC  shows  that  the 

plane  CC  is  translated  to  the  position  of  C.'C',  accounting  for  a  portion  of 

the  motion  of  the  plane  BB  toward  the  B'B'  position.  The  remaining  portion 

is  the  result  of  the  compression  of  the  soil  in  the  BBCC  element  under  the 

free-field  stress  of  0  .  The  amount  of  motion  may  be  represented  by 

o 

2LG 

A  =  —  --  [^c  Eq.  (5)]  (21) 

so  L 

so 


The  mechanism  for  transferring  additional  load  to  the  structure  has  been 
shown  to  be  the  same  process  as  the  one  for  redistributing  that  load  below  the 
structure  —  namely,  shear  stresses  -  developed  by  differential  strain.  It  has 
also  been  shown  from  a  comparison  of  Eqs.  (7)  and  (11)  that  the  deformations 
in  the  soil  directly  above  and  below  the  structure  are  equal  since  the  zones 
of  influence  are  equal. 


NL  s  Y  -  1  -  in  Y 


(26) 
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xpandcd  into  the  original  terras,  this  becomes 

0  *  0  1 

* 1  <27> 

o  I 

igure  11  is  a  plot  computed  from  the  relationship  between  (0^  *  0^)  0^,  i.e., 
he  overstress  V  and  2K  tan  Cf-  L/B,  i.e.,  NL, expressed  in  Eq.  (27).  Figure  12 
s  a  plot  of  the  relationship  between  overstress  (relative  stress)  V  and  the 
ength-to-span  ratio,  L-'B,  for  a  range  of  2K  tin  CC,(NB)  .values. 

FFL'CTS  OF  STRUCTURAL  COMPRESSIBILITY 

A.-sive  A r>  in  tig  Ca.-e 

Since  most  l  .1  structures  are  not  rigid,  but  have  some  gross  compress! bi 1- 
ty,  this  parameter  must  be  incorporated  into  any  theory  to  predict  the  load  on 
le  structure.  An  examination  of  Fig.  10  shows  that  any  compressibility  in  the 
tm  ture  will  tend  to  reduce  the  dif  ferential  deformation  between  the  soil  and 
te  structure.  The  deformation  of  the  structure  is  dependent  upon  the  load, 
ic  length,  and  the-  effective  modulus  of  the  structure,  which  are  related  by 
le  following  equation: 

0+0 

U  -  - - -  (2L)  (28) 

» I  1 


2K  tan  G  -  a 


a  +  a  / 

o  a  «  I 

—5 - l"\ 

o  ' 


lore 


'ST  " 

ao  * 

°a  “ 
L  a 

k'ST  = 


deformation  of  the  structure 
free-field  stress 
arching  stress 
1  '2  the  length  of  the  structure 
effective  modulus  of  the  structure 


0  +  0  =  total  average  stress  on 

o  a 

the  structure 


0  1  0.2  0  3  0.4  0.5  0  6  0.7  0.8  0.9 


NL  =  2KTAN^^|) 

H.  11.  Relationships  Between  NL  and  Y  [liq.  (27)] 


RELATIVE  STRESS  Y  = 
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Fig.  11  (Cont.) 
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As  stated  *  ari  i <  r  for  the  rigid  can-,  the  maximum  total  del  ema;  .  10.1  available 
is  represent* d  by  Kq.  (31),  t  .  the  shortens of  the  soil  laterally  adjacent 

to  the  strut  lure.  Therefore  subtracting  Eq.  (38)  f rest  fcq.  (21)  gives 


“L"«.  2L  _  -  , 

s;  -  -  - -  (-«  +  -  ) 

'to  F.  h  o  a 

,  so  Si 


(29) 


Further  equating  one-half  of  Eq .  (29)  'with  'Eq .  (20)  via- Ids 


»0  +  C 


0  L 

o 


so 


:  *  o  .  cr  +  s 

_2 _ i  (L)  ..  _ ti 

E  (U  *  2E  S 

b  1  so  p 


1  -  e 


-M- 


o 


2E  S 
so  p 


v  *  u  i 
o  a 


o 


(30) 


Multiplied  bv  2  r,  S  C  ,  Fa.  (3")  be  e«  »»ne 
->  P  ° 


’ — 1 

i  **  .  dr  ^  .  } 

-ij  - ±\ 

■  .ic  o  u  k  •  c  ♦  a  l  a 

2s  l  -  -JS»:  (u (26  )  .  r  ‘  '*  ; 


p  l 


Let 


i 


"si; 


/o  +  a  t 

i  « 1  a  ' 

—  '.fl!  ■  ■— ■*  I-O!  ,■■■  « 


f 


0  l 

O  I 


(31) 


2S  -  N 
P 


ST 


and 


a  +  a 

o  ;i 


-  V 


Eq.  (31)  tilt!;  bt 


NL  -  YC  VL  Y. 

''  \ 


1' 


(32) 


Since 


-J-n  Y  1 
Y 
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(33) 


(33a) 


(34) 


an  z  L 
B 

-  (35) 


Figure  13  is  a  plot  computed  for  four  different  NL  values  from  the  re¬ 
lationships  between  (relative  compressibility),  i.e.,  and  Y  (relative 

stress),  i.e.,  (ct  +  C  )/C  ,  expressed  in  Eq.  (35). 
o  &  o 

Active  Arching  Case 

Equation  (35)  was  developed  for  a  compressible  structure  exhibiting  passive 
arching,  i.e.,  for  a  structure  stiffer  than  the  soil  in  which  it  was  embedded. 

Since  it  is  possible  and  even  desirable  to  design  structure t  which  exhibit 
active  arching,  a  similar  analysis  is  made  for  these  conditions.  An  examina¬ 
tion  of  Fig.  14  shows  that  when  the  compressibility  of  the  structure  exceeds 
that  of  the  soil,  the  differential  strain  will  be  in  the  opposite  direction. 

As  in  the  previous  case,  the  deformation  of  the  structure  is  dependent 
upon  the  load  and  the  length  and  effective  modulus  of  the  structure,  which 
are  related  by  the  following  equation: 


RELATIVE  STRESS  Y  = 


Fig.  13.  Relationship  Between  C  and  Y  [Eq.  (35)]  for  Various  NL  Val 
for  the  Passive  Case  (Linear  Soil  Conditions) 
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Fig.  14.  Relative  Deformation  Between  the  Soil  and  the  Structure 
at  the  Bottom  of  the  Structure  (Active  Case) 


URS  645-8 


35 


(39) 


♦ 

It'  we  assume  that  half  of  this  takes  place  at  each  end,  the  differential 

deformation,  A^  ,  to  cause  arching  is  one  half  of  Eq.  (39),  i.e., 
to* 


0  L 
o 

E 

so 


(40) 


The  differential  deformation  below  the  structure  can  be  seen  to  be  the 

difference  between  A  and  A  in  Fig.  14.  The  strain  at  any  point  within  the 

x  y 

soil  column  below  the  structure  is  related  to  the  stress  within  the  soil 
column  at  that  point,  0^,  and  the  modulus  of  the  soil,  Ego>  the  following 
manner: 


If  it  is  assumed  that  at  some  depth  Z^  below  the  structure  there  is  no 
influence  from  the  structure,  the  total  deformation  of  that  column  of  soil 
can  be  expressed  as 


(42) 


If  the  stress  applied  by  the  structure  to  the  soil  is  (<Jq  -  O^) ,  and 
the  stress  becomes  again  at  some  depth  below  the  structure,  then  the 
soil  mass  must  have  gained  additional  load  <J'  from  shear  stresses  along  the 
vertical  shear  planes.  This  behavior  is  expressed  by  the  equation  (of  the 
general  form  shown  in  Eq.  (4a) 


t-2K  tan  CT  x/B 

a  =  (0  -  a  )e  (43) 

x  o  a 


*  A  discussion  of  this  assumption  is  presented  in  Section  4,  p.  22. 
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substituting  In  Eq .  (42) 


,  r*1 « 

L  =  - - -  e 

x  J  L 

so 


an  '$>  x/B 


dx 


(44) 


or 


(Cfo  ~  ra)  B  +2K  tan  *;  Zj/B  _  (°o  B 


(2K  tan  Cp )  E 

so 


(2K  tan  ')  E 

so 


(qo  °a)  8  I  +2K  tan  ^  7^/B  _  l 

“  (2K  tan  X)  E  J*  ~  J 


(45) 


(46) 


If  the  soil  laterally  adjacent  to  the  soil  column  analyzed  above  is 
assumed  to  be  subject  to  the  free-field  stress,  then: 


a  z 

L  .  *2-± 

y  ESO 


(47) 


As  stated  above,  the  stress  0  in  the  soil  column  below  the  structure 
;  x 

is  equal  to  the  free-field  stress,  0^,  at  Z^.  Therefore,  Eq .  (43)  car  be 
written: 


a 

X 


0 

c 


2K  tan  r  Zi  /B 
e  1 


(48) 


(49) 
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substituting  tn  Eq.  (47) 


(50) 


Since  the  differential  deformation  below  the  structure  is  equal  to 

the  difference  between  A  and  A  ,  i.e., 

y  x 


L-  *  L  •  L 

u  y  x 

substituting  Eqs.  (46)  and  (50)  in  (51) 


substituting  Eq.  (49)  for  Z ^  in  Eq.  (52)  gives 


C  B 

=  2K  tan  cc  E 


so 


r  t  ° 

1  a  \ 

(0  -  a  )  B 

o  a  ° 

‘H.  -o 

i  o  a 

-  1 

0  -  a 

\  o  a* 

2K  tan  CO  E 

so 

© 

u  • 

aw 

(51) 


(52) 


(53) 


Since  it  was  assumed  that  £_  was  equal  to  t  ,  or  that  the  total  dif- 

B  to 

ferential  deformation  available  was  divided  equally  at  the  top  and  bottom 
of  the  structure,*  Eqs.  (40)  and  (53)  can  be  equated. 


Let 


2K  tan  cc 
B 


N 


*  This  assumption  was  discussed  in  Section  4,  p.  22  for  the  case  where  there 
was  no  sidewall  friction  along  the  s±de  of  the  structure. 
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Expanding  into  the  original  terms,  Eq.  (60)  becomes 


Figure  15  is  a  plot  of  C  ,  the  ratio  of  soil  and  structural  compressibilities , 
1  r 

vs — , , relative  stress  (understress),  for  the  range  of  NL  values  in  the  active 
arching  case. 

Comparison  of  Active  and  Passive  Cases 

In  order  to  compare  the  active  and  passive  cases,  Eq.  (34)  for  the 
passive  case  can  be  put  in.  terms  of  Y' . 


Cr  =  NLY 


[l  -  Y  +■  In  y]  +  i 


(34) 


Since  Y  =  ^7  ,  Eq.  (34)  becomes 


-S  **■ 


(34a) 


This  compares  with  Eq.  (60)  for  the  active  case: 


■  £  [in  v'  - 1  *  £-]  + 


(60) 


The  two  equations  are  plotted  in  Fig.  16  for  NL  =  0.608,  showing  they  are 
a  smooth  continuous  function. 
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Section  5 

EFFECTS  OK  NONLINEAR  SOIL  CONDITIONS 

Since  very  lew  soils  really  exhibit  linear  stress—  strain  relationships, 
it  is  necessary  to  try  and  simulate  the  nonlinearity  in  order  to  develop 
reasonable  prediction  methods. 

This  section  is  devoted  to  investigating  the  influence  nonlinear  be¬ 
havior,  such  as  expressed  bv  the  following  stress-  strain  relationship,  will 
have  on  the  basic  responses  discussed  in  the  earlier  sections. 

0  =  A€3/2  (62) 

o 


EFFECTS  ON  STRUCTURAL  LENGTH 

To  evaluate  the  effect  of  the  interrelationships  between  the  nonlinear 
soil  conditions  and  structural  length,  it  is  convenient  to  redevelop  Eq.  (26) 
In  order  to  do  so,  one  must  start  with  Eq.  (15).  Substituting  Eq.  (62)  for 
Eq.  (12)  in  Eq.  (15)  in  Section  4,  Eq.  (15)  then  becomes 


'0+0 

L  =  —— “T — - 

x  A 


2/3 


2K  tan  CC 


,  -2K  tan  Cf  Zi/B 

1-0 


continuing  with  the  substitution  Eq.  (16)  becomes: 


A  = 
x 


0+0 

o  a 


2/3 


r 


-An 


0+0 
o  a 


2S 


1  -  e 


p  L 


(63) 


(64) 


carrying  out  the  analysis  and  substitution, 


A 


y 


in  Eq.  (18)  becomes 


(65) 
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Subtracting  Eq.  (65)  from  Eq.  (64)  results  in  a  new  equation  equivalent  to 
Eq.  (20): 


Simplifying  in  the  manner  used  to  arrive  at  Eq.  (26),  Eq.  (68)  becomes 


Figure  17  is  a  plot  computed  from  the  relationships  between  2K  tan  CD  L/B 
(i.e.,  NL)  and  Y)  expressed  in  Eqs.  (69)  and  (70). 

Figure  18  is  a  plot  of  the  relationship  between  overstress,  Y,  and  the 
length-to-span  ratio  for  a  range  of  2K  tan  CD  (i.e.,  NB)  values. 

Figure  19  shows  the  comparison  of  the  linear  and  nonlinear  cases  for  a 


constant  NB . 
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Fig.  19.  Comparison  Showing  the  Effect  of  Nonlinear  Soil  Conditions  on  the  Relationship  Between 
the  Length-to-Span  Ratio  (L/B)  and  the  Relative  Stress  (Y)  for  Constant  NB  for  the 
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Dividing  bv  -Y^I 


or 


(0  i1  3  C' 
m  r 


_1 

YNL 


.2/3  1 


1  '3 


-  !n  Y  -  M 


(a  ,»'*  c’  ,  -L. 

o  r  <  NL 


1/3 


2/3 

-  v  i  (n  Y  *  NL 


(84) 


(85) 


or 


<V 


1/3  (AY 


2/3 


"sr 


,  vl/3  _»  1 

-  (a  )  c  -  — 

o  r  NL 


1  1  1  *  v  WL 

"y4/3  '  yl/3  +  Y  Y  +  Y 


(86) 


Expanding  Eq.  (86)  into  the  original  terms  gives: 

( 


(a  ) 

o 


(A) 2/3 

1 

1  B  1 

1 

1 

est 

2K  tan  CO 

IlJ  < 

Po  f  Ca| 

4/3 

fa  +a  | 

[  o  | 

1/3 

1 

Co  1 

i  1 

o 


a  ♦  a 

o  a 


tn 

fao  +Crai 

2K  tanCp  L 

a  ) 

B 

_ 

o  / 

a  +a  i 
o  a1 


(87) 


Figure  20  is  a  plot  of  the  relationship,  as  shown  in  Eq.  (86)  of  cverstress 
(Y)  and  the  product  or  stress  level  and  the  ratio  of  the  nonlinear  modulus 
of  the  soil  to  the  effective  modulus  of  the  structure  for  a  range  of  NL 
values  for  the  passive  case. 


Figure  21  shows  the  comparison  of  the  linear  and  nonlinear  passive 


arching  cases  for  a  constant  NL  value. 
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Fig.  20.  Relationship  Betweer  G^.  and  the  Overstress  Y  for  Various  NL 
Values  for  the  Passive  Case  (Nonlinear  Soil  Conditions) 


RELATIVE  STRESS  Y  = 
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Active  Arching  Case 

As  can  be  seen  from  the  previous  derivation  for  tho  passive  case, 

(0  /A)^  ^  is  substituted  for  <7  /E  and[(0  +  Ct  )/Aj^  ^  for  (0  +  G  )/E 

o  o  so  o  a  o  a  so 

in  the  linear  case  to  obtain  the  nonlinear  case. 

By  substituting  the  equivalent  nonlinear  terms  in  Eq.  (55),  we  obtain 
the  nonlinear  active  case.  Equation  (55)  ihen  becomes; 


Figure  22  is  a  plot  of  the  relationship  as  shown,  in  Eq.  (96)  of  rela¬ 
tive  stress  (1/V1)  and  the  product  of  stress  level  and  the  ratio  of  the  non¬ 
linear  modulus  of  the  soil  to  the  effective  modulus  of  the  structure  for  a 
range  of  NL  values  for  the  active  case. 

Figure  23  shows  the  comparison  of  the  linear  and  nonlinear  active  arch¬ 
ing  cases  for  a  constant  NL  value. 

Figure  24  shows  the  comparison  for  the  linear  and  nonlinear  arching 
cases  for  both  the  passive  and  active  arching  for  the  constant  NL  value. 
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Section  6 

EFFECTS  OF  DIFFERENTIAL  DISPLACEMENT  (TRAP  DOOR  EXPERIMENTS) 

Since  the  basic  concepts  of  arching  discussed  in  this  report  are  founded 
on  the  concept  of  stress  redistribution  caused  by  differential  strain  occurring 
between  the  soil  and  the  structure,  an  examination  of  the  Terzaghi  trap  door 
concept  is  pertinent  because  that  concept  involves  differential  displacement. 

EFFECTS  OF  LINEAR  SOIL  CONDITIONS 
Passive  Arching  Case 


An  examination  of  the  basic  derivations  shows  that  Eq.  (20)  is  for  the 
differential  displacement  in  the  passive  arching  case. 


0  +  0 
o  a 
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1  -  e 
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o  a 
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0+0 
o  a 


(20) 


Since  it  is  desirable,  if  possible,  to  normalize  the  overstress  on  the  trap 
door  to  be  independent  of  stress  level,  the  first  step  is  to  put  Eq.  (20)  in 
the  form  of  A_/B.  Since  S  =  K  tan  CO/B  and  E  =  0  /t  ,  Eq.  (20)  becomes: 

B  P  SO  O  SO 


Letting  J  =  2K  tan  ®,  Y  =  (0Q  +  0a)/0Q,  41111  dividing  by  B,  Eq.  (98)  becomes: 


B 


which  reduces  to: 
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Figure  25  is  a  plot  computed  from  the  relationship  between  overstress  V 

and  the  product  of  the  ratio  of  the  soil  parameter  J  to  the  fret— field  strain 

S  *  times  the  ratio  of  the  differential  displacement  £  to  one-half  tiie  span, 
so  » 

Expanding  Eq.  (100)  into  original  terms,  it  becomes: 


2K  tan  r  B 
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or 


je _ 

B  =  2K  tan  r 
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0  +  G  \  i  o  +  o  » 

—1—1  -  1  -  In  —  -  ---- 
°o  I  l  °o  I 


a  +  a 

o  a 


(101A) 


Figure  26  is  a  plot  of  the  relationship  between  overstress  V  and  the 
differential  displacement-to-span  ratio  for  a  range  of  e  /J  values. 

Active  Arching  Case 

Making  the  same  derivation  for  the  active  case,  Eq.  (53)  becomes 


JL 


B 


e  B 
so 


=  tn  r  -  1  +  ~ 


(102) 


Figure  27  is  a  plot  of  the  relationship  between  relative  stress  Y  and  the 
product  of  the  ratio  of  the  soil  parameter  J  to  the  free-field  strain  6 
times  the  ratio  of  the  differential  displacement  to  one-half  the  span,  B. 


Hi  so  i.  .  1  \ 

T  =  —  C"  Y  -  1  +  r1 


(102A) 


Figure  28  is  a  plot  of  the  relationship  between  overstress  Y  and  the 

differential  displacement-to-span  ratio  for  a  range  of  J  «  values. 

so 

Figure  29  is  a  >lot  showing  the  relationship  of  the  active  and  passive 

cases  for  a  given  J /£  value. 

so 


*  It  should  be  noted  that  £  is  the  free-field  strain  associated  with  the 

free-field  stress  level  0S? 
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Fig.  25  (Cont 


1000 < 


tlonship  of  Differential  Displacement  per  Unit  Span  A^B  to  the  Overstress  (Y)  for  a  Range 
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Fig.  27.  Relationship  Between  JAb/b€So  and  R®lative  Stress  Y  =  (aQ  “  Ca/0Q)  for  [E^'  t102^]  the 
Active  rase  O. Inear  Rn4  1  r/>nH)Hnn«\ 
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FiK  29  Relationship  Between  Differential  Displacement  per  Unit  Span  (g.q/  B)  to  the  Helative  Stress 
on  Structure  for  J/lOOOr  =  0.1465  for  the  Ranee  From  the  Active  Throunh  the  Passive  Cise 

(Linear  Soil  Conditions) 


EFFECTS  OF  NONLINEAR  SOIL  CONDITIONS 

Again,  since  few  soils  exhibit  a  linear  stress  —  strain  behavior,  it  is 
well  to  examine  the  effect  of  the  nonlinear  nature  of  the  behavior.  As  be¬ 
fore,  the  nonlinear  effect  to  be  examined  is  expressed  by  Eq.  (62): 

0  =  AS 3/2  (62) 

o 


Passive  Arching  Case 


Examination  of  Section  5  shows  that  Eq.  (66)  expresses  Ag  in  the  non 
linear  form  for  the  passive  case. 


if  we  substitute  1/2S  =  B/J,  J  =  2K  tan  cc,  Y  =  (a  +  O  )/ff  and  divide  by  B, 

p  o  a  o 

Eq.  (66)  becomes: 


B 


which  reduces  to 


(103) 


Let 


in  Eq.  (104).  Then 
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(104) 
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Figure  30  is  a  plot  of  the  relationship  for  the  passive  case  between 

overstress  and  M  the  product  of  the  ratio  of  the  soil  parameter  J  to  the  free- 

2/3 

field  strain  represented  by  (A/0^)  and  the  ratio  of  the  different  displace¬ 
ment  Ag  to  one-half  the  span.B. 

Expanding  Eq.  (104A)  into  the  original  terms,  it  becomes: 
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Figure  31  is  a  plot  of  the  relationship  between  overstress  and  the  dis- 
placement-to-span  ratio  for  a  range  of  [(A /0  )**'  j  (J/1000)  values. 

Figure  32  shows  the  comparison  of  the  linear  and  nonlinear  passive 

2 /3 

arching  cases  for  a  constant  [(A/0  )  ]  (J/'IOOO)  value. 

o 

Active  Arching  Case 

2  '3  2  3 

If  (0  /A)  '  and  [ (0  -  0  )/A]  are  substituted  for  O  /E  and 

o  o  a  o  so 

(0  -  0  )/E  respectively  in  Eq.  (53),  the  following  equation  results: 

o  a  so 
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(106) 


Again,  if  we  substitute,  J  =  2K  tan  x,  V’  =0  /(C  -  0  )  and  divide  by  B, 

°  '  0021 

Eq.  (106)  becomes: 
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Multiplying  by 
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Since  (A/0  >“  3  j 

o 


V“ 


(•n  Y* 

M  and  e  »  Y.* ,  Eq.  necomos 


M  =  In  Y*  ^  (Y*) 


,,1/3 


(Y*)2  3 


(109) 


Figure  33  is  a  plot  of  the  relationship  for  the  active  case  between 

relative  stress  Y  and  of  M,  the  product  of  the  ratio  of  the  soil  parameter  J 

2/3 

to  the  free-field  strain  represented  by  (A/0^)**  and  the  ratio  of  the 
differential  displacement  to  one-half  the  span  B. 

Expanding  Eq .  (109)  into  the  original  terms  gives: 


^  rj/3 1 _ i _ 1 1 .  i  i  i  °o 

B  A  j  j  2K  tan  tc  I  I  -  aj  |ao  -  c 


(110) 


Figure  34  is  a  plot  of  the  relationship  between  relative  stress  Y  and 

2  :'3 

the  displacement- lo—span  ratio  £g/ 0  for  a  range  of  (A- O  )  J/1000  values. 

Figure  35  shows  the  comparison  of  the  linear  and  nonlinear  active  arch- 

2/3 

ing  case  for  a  constant  (A/ff  )“  J/1000  value. 

o 


Figure  36  is  a  plot  showing  the  relationship  of  the  active  and  passive, 


linear  and  .  nonlinear  cases  for  a  given  (A/<X  ) 

o 


J/1000  value. 


It  should  be  noted  that  in  all  cases  the  overburden  and  cohesion 
elements  of  the  equations  have  been  dropped  for  simplicity  in  developing 
the  equations  and  because  they  were  not  relevant  in  comparison  with  the 
experimental  results.  It  would  be  a  relatively  simple  matter,  after  the 
development  has  gotten  to  the  point  of  application  to  real  structures,  to 
i ne 1 ud e  these  tc rm s  . 
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Fig.  34.  Relationship  of  Differential  Displacement  per  Unit  Span  Cig/B)  to  the  Understress  (V)  for 
a  Range  of  (A/CT0)  ^^(J/1000)  Values  for  the  Ictive  Case  (Nonlinear  Soil  Conditions) 
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Comparison  Showing  the  Effect  of  Nonlinear  Soil  Conditions  on  the  Relationship  Between 
Ag/B  and  Understress  (Y)  for  (A/U  ) 2/3 (J/ 1000)  =  0.1465  for  the  Active  Case 
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Section  7 

COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  RESULTS 


The  real  test  of  any  theory  Is  how  well  it  fits  experimental  data, 
either  in  the  laboratory  or  in  the  field.  Predictions  based  on  equations 
developed  in  the  earlier  parts  of  this  repor+  will  be.  compared  in  this 
section  with  data  obtained  in  the  URS  programs  and  with  data  presented  in 
Refs.  10  and  11.  Predictions  of  effects  of  structural  length,  compressi¬ 
bility,  and  differential  displacements  will  be  examined.  With  the  exception 
of  the  structural  length  tests,  the  conditions  covered  are  primarily  con¬ 
fined  to  the  deeply  buried  conditions*  of  soil  —  strut ture  Interaction,  i.e.  , 
where  the  influence  of  interaction  does  no*  intersect  the  surface. 

Excellent  correlations  are  shown  between  the  theory  and  the  experi¬ 
mental  results  that  were  obtained  from  the  studies  of  the  effects  of  struc¬ 
tural  compressibility  and  of  the  differential  displacement  of  a  trap  door. 
Meaningful  correlations  with  the  theory  were  not  obtainable  in  the  experi¬ 
mental  investigation  of  the  effects  of  structural  length  of  rigid  struc¬ 
tures,  However,  since  the  theoretical  relationships  describing  the  effects 
of  structural  compressibility  are  simply  extensions  of  those  describing 
structure  length,  the  lack  of  correlation  is  obviously  the  result  of  extra¬ 
neous  effects.  In  this  case,  it  appears  to  be  the  influence  of  the  surface, 
as  will  be  discussed  in  a  later  section.  The  results  of  the  structural- 
length  study  will  be  discussed  first  followed  by  discussions  of  those  for 
the  structural  compressibility  and  for  the  trap  door  experiments. 

STRUCTURAL  LENGTH 

Equations  127)  and  (69) ,  derived  for  deeply  buried  rigid-structure 
conditions,  are  compared  in  Fig.  37  with  the  experimental  data  obtained 


*  Consideration  of  the  shallow  depth-of-burial  conditions  is  undertaken 
where  data  are  available  and,  in  particular ,  where  such  considerations 
may  account  for  a  discrepancy  between  the  predicted  and  the  measured 
results . 
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in  the  study  reported  in  Ref.  6,  with  results  obtained  in  the  development 
of  free-field  stress  gauges,  and  with  the  data  taken  in  the  experimental 
study  encompassed  by  this  contract.  An  examination  of  the  data  from  Ref.  6 
and  the  free-field  stress  gauges  shows  them  to  have  been  taken  at  the  same 
actual  depth  of  burial  (3  in.),  in  similar  soil  conditions.  Because,  as 
will  be  discussed  later,  all  the  data  appear  to  have  been  taken  in  a  shallow 
depth-of-burial  condition,  the  soil  parameters  used  for  the  two  "A"  curves 
(Fig.  37)  were  arbitrarily  chosen  so  as  to  bracket  the  data.  Since  the 
data  do  follow  the  general  shape  of  the  theoretical  curves,  they  indicate 
that  the  theory  is  adequate  to  describe  the  behavior.,  However,  the  values 
of  K  and  tan  used  to  compute  both  curves  are  less  than  the  measured  values 
of  these  parameters  obtained  in  other  laboratory  tests.  In  fact,  the  "B" 
curves  from  Figs.  12  and  18  for  the  linear  and  nonlinear  cases  shown  on 
Fig.  37  are  obtained  by  means  of  the  measured  values. 

The  data  obtained  during  this  contract  show  a  large  range  of  values 
on  either  side  of  the  curves  which  bound  the  other  data.  Although  the 
tests  were  to  have  been  conducted  in  the  deeply  buried  condition,  an  exam¬ 
ination  of  the  data  shows  that  this  apparently  was  not  true,  since  the 
load  on  the  structure  increased  with  an  increase  in  depth  of  burial,  which 
fact  is  indicative  of  shallow  burial  The  lower  two  points  (A  and  B) 
represent  a  depth  of  burial  of  5  in.,  i.e.  ,  a  Z/B  of  5/3,  while  the  upper 
point  (C)  represents  a  depth  of  burial  of  8  in.,  i.e.,  a  Z/B  of  8/3. 

Since  the  experimental  program  was  a  limited  effort  and  its  major  purpose 
was  to  investigate  the  effects  of  compressibility,  no  further  tests  at 
greater  depth  were  conducted.  The  assumption  that  these  data  were  influ¬ 
enced  by  the  surface  conditions,  which  might  account  for  the  discrepancy 
of  the  K  and  tan  cp  values  required  to  fit  the  data,  will  be  discussed 
further  in  the  section  on  surface  layer  effects. 

The  only  other  data  known  which  show  the  effect  of  structural  length 
are  those  presented  in  a  gauge  study  using  the  Goldbeck  pressure  cell; 
the  results  of  this  study  are  reported  in  Ref.  10.  Since  no  soil  data 


were  available,  they  were  backfigured^  from  a  single  point  on  the  experi¬ 
mental  data  curve.  With  these  values,  the  linear  and  nonlinear  curves  on 
Fig.  38  were  computed  for  various  L/B  values.  Again,  a  reasonable  correla¬ 
tion  appears  to  exist. 

STRUCTURAL  COMPRESSIBILITY 

Since  Eqs,  (35),  (87),  (61),  and  (* * *** **** *****>7)  were  developed  to  account  for 
the  effect  of  structural  compressibility  in  deeply  buried  conditions,  the 
literature  was  searched  for  experimental  results  with  which  to  compare  the 
theory.  Since  none  was  found  in  which  the  soil  and  structural  parameters 
were  sufficiently  controlled  to  make  a  comparison,  URS  undertook  a  limited 
experimental  program.  The  program  consisted  of  testing  an  idealized 
structure  6  in.  in,  diameter  and  6  in.  . long  (see  Fig.  77,  Appendix  A) .  Two 
1-in. -thick  end  plates  containing  a  series  of  flush-mounted  stress  gauges, 
were  separated  by  a  replaceable  thin-walled  cylinder,  which  provided  the 

4c  % 

uniform  compressibility  of  the  structure.  The  compressibility  of  the 
structure  was  measured  by  means  of  a  linear  variable  differential  trans¬ 
former,  The  structure  was  buried  5  in.  below  the  surface  m  20—30  Ottawa 
sand  placed  at  approximately  108  pcf  in  the  URS  Long  Duration  Dynamic 

4c  4r 

Loader  (LDDL) .  The  sarap'e  surface  was  then  uniformly  loaded  to  45  psi 

with  a  step  pulse  having  a  rise  time  of  approximately  1  msec. 

An  examination  of  the  development  of  the  compressibility  equations 
shows  that  one  basic  assumption  was  made  in  all  cases;  that  is,  that  the 

*  To  compute  the  2K  tan  cp  value  at  a  point  on  the  experimental  curve, 
the  L/B  ar.d  Y  values  read  for  that  point  were  substituted  into 
Eqs.  (27)  and  (69).,  Solving  for  2K  tan  cp  resulted  in  values  of  0.72 
for  the  linear  and  0.22  for  the  nonlinear  cases. 

*r  A  more  detailed  discussion  of  the  experimental  program  is  given  in 

Appendix  A. 

***  By  uniform  compressibility  is  meant  that  the  entire  end-plate  faces 
compress  uniformly  in  the  direction  of  loading. 

****  A  description  of  the  LDDL  is  given  in  Ref.  6. 

*****  Although  the  loading  was  a  dynamic  load,  comparisons  were  made 

between  the  equilibrium  values  and  the  static  theoretical  solutions. 
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entire  load  a  t  O  applied  to  the  surface  of  the  structure  was  transmitted 
o  a 

to  the  soil  beneath  the  stiucture,  i.e.,  it  was  assumed  that  there  were  no 
effects  of  sidewall  friction  on  the  sides  of  the  structure. 

It  was  realized,  however,  that  this  condition  was  impractical  to 
achieve  experimentally,  since  in  real  soil  conditions,  it  is  only  possible 
to  reduce  this  friction,  not  to  eliminate  it.  Attempts  were  made  to  reduce 
the  sidewall  friction  and,  in  addition,  an  attempt  was  made  to  calculate  the 
resulting  value. 

SIDEWALL  FRICTION 

Three  methods  of  treatment  were  tried  on  the  sidewalls  of  the  structure 
in  an  attempt  to  reduce  the  friction:  two  continuous  layers  of  0. 005-in. - 
thick  teflon  sheets  over  the  entire  length;  two  layers  of  0. 005-in. -tnick 
teflon,  the  bottom  layer  continuous  and  the  top  layer  in  1-in. -wide  over¬ 
lapping  segments,  and  a  grea  e  layer  covered  with  a  thin  rubber  sheet.  The 
effectiveness  of  these  treatments  in  reducing  the  sidewall  friction  effects 
varied.  The  two  continuous  teflon  sheets  had  the  effect  of  appreciably 
reducing  sidewall  friction.  However,  the  effect  was  intermittent.  When 
the  outer  layer  was  segmented,  the  intermittent  effect  was  overcome.  The 
grease-and- rubber  treatment  had  about  w»  same  effect  as  the  segmented 
layer  but  was  easier  to  use. 

In  order  to  take  into  account  the  effect  of  sidewall  friction,  it  was 
assumed  that  a  shear  plane  developed  along  the  sides  of  the  structure,  i.e., 
that  sidewall  friction  developed  between  the  soil  and  the  structure  along 
the  entire  length  of  the  structure.  It  was  further  assumed  that  the  free- 
field  stress  c<  nd it  ions  existed  along  that  plane  and  that  any  change  in  Cp* 
along  the  interface  would  not  change  the  K  value  of  the  soil.  The  total 
force  on  the  structure  due  to  sidewall  friction  alone  can  be  calculated  by 
summing  the  incremental  forces  over  the  entire  sidewall  surface,  i.e., 

T  *  (K  tan  Cp'ao)  (TT2B2L)  (111) 

or 

-  4K  tan  cp'cr  TTBL 

o 


(111a) 
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I  * 

where  CP  is  the  friction  angle  between  the  soil  and  the  wall.  In  order  to 
apply  this  effect  as  an  average  stress  on  the  top  surface  of  the  structure, 
Eq.  (111a)  must  be  divided  by  the  area  of  the  end  plate,  i.e., 


4K  tan  Cp'g  TTB1. 

o 


(112) 


Equation  (112)  then  reduces  to 

4K  tan  Cp*  CT  L 

tfT  = - g - —  (113) 

It  can  be  seen  that  if  the  compressibility  (effective  modulus)  of  the 
structure  is  considered  without  regard  to  sidewall  friction,  it  is  related 
to  the  load  and  deformation  in  the  following  manner: 


a  +  ct 

E  -  -2— i  (2L)  (114) 

"aT 

where  CT  *  a  over  the  area  is  the  force  required  to  compress  the  structure 
o  a 

an  amount  If,  on  the  other  hand,  sidewall  friction  is  considered,  it 

can  be  seen  that  the  compressibility  of  the  structure  is  still  related  to 

the  load  CT  +  CT  and  the  deformation  A  _  in  the  same  manner.  However,  the 
o  a  ST 

load  applied  to  the  upper  surface  must  be  CT  +  CT  0- .  being  resisted  by 

o  a  * 

the  soil  st res-  CT  +  CT  on  the  bottom  surface  plus  the  sidewall  friction 
o  a 

on  the  sides.  Therefore,  if  the  measured  stress  on  the  top  surface  is 
divided  by  the  deformation,  the  effective  modulus  as  computed  by  Eq.  (115) 
appears  greater  than  it  really  is,  i.e.,  as  computed  by  Eq.  (114), 


(7  + 
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+  CT„ 


ST 


(2L) 


(115) 


SI 


** 

Therefore.  CT,.  subtracted  from  the  measured  stress  before  the  structure 

modulus  was  computed  for  use  in  Eqs.  (35)  and  (87)  These  values  for 


t  When  the  friction  between  the  soil  and  the  wall  i.->  greater  than  the  inter- 

t 

nal  friction  in  the  soil  then  the  Cp  of  the  soil  is  used  instead  of  Cp  . 

**  The  Cp'  values  used  in  making  this  calculation  were  obtained  from  other 
tests  at  URS  on  the  effects  of  sidewall  friction  in  soil  containers 
( Re  f  .  5 )  . 
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structure  modulus  agreed  very  well  with  measured  values  for  the  structure 
in  the  unburied  condition. 

RESULTS  ' 

An  examination  of  the  data  points  obtained  m  this  study  for  the 
deeply  buried  condition,  and  presented  in  Fig.  39  shows  an  excellent  agree¬ 
ment  with  the  theory  In  plotting  the  data,  the  structure  modulus  was 
computed  from  the  measured  stress  and  displacement  of  the  structure  as 
described  above.  The  soil  modulus  was  obtained  from  the  stress— strain 
curve  (for  the  soil)  developed  under  another  URS  program  and . reported  in 
Ref,  3.  The  stress  —strain  curve  is  reproduced  here  as  rig.  40.  Using 

these  values  for  the  soil  and  structural  moduli!,  values  of  relative  com- 

* 

pressibility  were  computed  for  each  test  ana  plotted  in  Fig.  39  against 
the  measured  relative  stress.  Also  plotted  in  this  figure  is  the  theoreti¬ 
cal  relationship  for  linear  [Eqs.  (35)  and  (61)]  and  the  nonlinear  [Eqs. 
(87)  and  (97)]  soil  conditions.  The  theoretical  curves  were  computed  by- 
means  of  the  K  and  tan  Cp  values  measured  in  other  laboratory  tests.  As 
can  be  seen ,  the  measured  data  obtained  in  this  program  vary  less  than 
±10  percent  from  the  theoretical  curve  for  the  nonlinear  soil  conditions. 

Two  of  the  points  require  further  discussion.  Points  D  and  E  fall 
off  the  theoretical  curve,  and  although  the  cause  was  not  identified,  it 
was  obviously  related  to  some  extraneous  behavior,  as  evidenced  by  the 
measured  stress  and  deflection  time  histories  given  in  Fig.  41.** 

As  can  be  seen  from  the  data  points  given  in  Fig.  39,  extreme  dif¬ 
ficulty  was  experienced  in  trying  to  fabricate  a  structure  more  compres¬ 
sible  than  the  soil.  This  situation  was  true  despite  the  fact  that  the 


♦All  tests  were  first  loading  of  the  sample. 

*+  The  upper  trace  in  Fig.  41a  is  a  typical  displ acement —  time  curve  for 
the  tests  whose  results  fall  on  the  theoretical  curve,  while  the 
upper  trace  in  Fig.  lib  is  typical  of  the  displacement  —  time  trace 
for  tests  represented  by  points  D  and  E.  The  lower  traces  in  each 
figure  are  the  st  ress  -  time  history  traces  for  one  of  the  stress  gauges 
on  the  upper  face  of  the  structure. 
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(a)  Upper  Trace:  Typical  structure  displacement  — time  history  trace 
Lower  Trace:  Typical  stress  gauge  — time  history  trace 


(b)  Upper  Trace:  Structure  displacement  —  time  history  trace  for 

points  D  and  E 

Lower  Trace:  Typical  stress  gauge— time  history  trace 


Fig.  41.  Structural  Displacement,  On-Structure  Stress—  Time  Histories 
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sand  was  in  a  dense  condition  (appioximately  »5  percent  relative  density). 
Only  one  data  point  is  presented  for  the  circumstance  in  which  the  struc¬ 
ture  was  more  compressible,  and  that  point  represents  the  measurements  just 
before  the  thin-walled  cylinder  separating  the  rigid  end-plates  buckled. 
However  that  point  is  in  good  agreement  with  the  theoretical  curve. 

Two  explanations  have  been  postulated  regarding  the  cause  of  the 

problem  of  fabricating  a  more  compressible  structure.  First,  it  the  strue- 

★ 

ture  has  a  response  time  that  is  long  compared  to  the  rise  time  of  the 
stress  pulse,* **  then  initially  the  load  on  the  structure  will  be  comparable 
to  that  resulting  from  a  much  stiffer  structure.  Therefore,  in  the  case 
of  a  structure  of  high  compressibility,  i.c.,  one  designed  tor  large  dis¬ 
placements  under  low  relative  stress,  the  stresses  exceed  those  of  the 
design,  and  the  structure  collapses.  The  second  explanation  has  to  do 
with  the  effect  sidewall  friction  has  on  the  effective  modulus  of  the 
structure.  Even  though  every  effort  was  made  to  reduce  its  magnitude,  it 
played  an  important  part  in  the  behavior  as  discussed  above.  In  fact,  in 
the  case  of  the  more  compressible  structure,  where  the  relative  stress  is 
low,  the  average  stress  due  to  sidewall  friction  becomes  large  in  propor¬ 
tion  to  the  relative  stress.  Both  of  these  behaviors  could  be  very  impor¬ 
tant  in  real  structures  as  well. 

DIFFERENTIAL  DISPLACEMENT  (Trap  Door  Experiments) 

Passive  Arching  Case 

As  stated  earlier,  the  basic  theories  developed  m  this  report  are 
founded  on  the  principle  of  stress  redistribution  caused  by  difieiential 
displacement  occurring  between  the  soil  and  the  structure.  An  examination 
of  the  trap  door  theory  is  therefore  pertinent  since  it  also  involved  dif¬ 
ferential  displacement.  The  intent  at  this  point  is  to  compare  experimental 


*  In  these  tests  the  structure  had  a  response  time  ot  approximately  6  msec 
as  compared  to  a  rise  time  of  the  stress  pulse  of  approximately  1.5  msec 

**  Although  comparisons  were  made  between  the  static  theory  and  equilibrium 
values,  the  loading  was  a  dynamic  one  and  therefore,  this  factor  played 
a  part  in  the  observed  behavior. 
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and  then re t 1 ca 1  results  lor  a  trap  dour  experiment.  A  review  ol  the  litera¬ 
ture  revealed  a  wel 1 -documented  experimi  ntal  study  of  both  active  and  passive 
trap  door  conditions  (Rei.  11). 

The  test  apparatus  consisted  ol  a  4-ft. -diameter  cylindrical  test  cham¬ 
ber  of  variable  height,  with  a  specially  constructed  lower  base  provided  with 
a  11 ush-mounted- t ype  trap  door.  An  upper  bonnet  provided  a  means  of  applying 
static  overpressure  to  the  soil  sample.  The  piston-type  trap  door  was  cen¬ 
trally  located  and  was  designed  to  provide  a  rigid  plate  parallel  to  the 
surface  with  a  minimum  vertical  Irictional  resistance  and  tilting  under  the 
test  load.  The  piston  was  mounted  on  a  hydraulic  jack  which  provided  eon- 
:  j'ol  ol  thv  '  ci  u wl  mol  ion.  During  sand  placement  and  assembly  ol  the 
bonnet,  and  movement  of  the  trap  door  relative  to  the  bottom  of  the  soil 
bin  was  carefully  monitored.  As  needed  during  this  operation  as  well  as 
during  subsequent  application  of  the  surface  air  overpressure,  the  jack  was 
adjusted  to  maintain  the  top  surface  of  the  piston  flush  with  the  bottom  of 
the  soil  bin.  After  the  desired  overpressure  was  reached,  the  jack  was 
raised  or  lowered  to  induce  active  or  passive  arching  in  the  sand.  The 
total  force  on  the  piston  was  then  recorded. 

In  addition,  the  soil  conditions  were  well  documented,  making  it  pos- 

$ 

sible  to  compare  the  theory  previously  presented  with  the  experimental 
results  reported  in  Ref.  11.  Two  sands  were  tested;  No.  1  was  a  clean, 
uniform,  fine-grained  dry  sand  referred  to  as  Reid-Bedford  Model  sand;  No.  2 
was  a  clean,  graded,  medium- to- fine  grained  local  dry  sand  referred  to  as 
Cooks  Bayou  No.  1.  Figure  3.10  of  Ref.  11  reproduced  here  as  Fig.  42,  shows 
the  various  properties  of  the  two  soils  for  a  number  of  initial  dry  density 
conditions.  Figures  43  anti  44  show  the  stress  —  strain  relationships  for  the 
two  soils  for  various  initial  dry  density  conditions.  The  tests  were  con¬ 
ducted  principally  at  75  psi  surface  overpressure,  however,  a  few  were  con¬ 
ducted  at  40  psi  and  110  psi.  The  initial  density  of  No.  1  sand  used  in  the 
active  arching  tests  varied  from  98.3  to  101.1  pcf  (average  of  100.0  pcf) , 
while  No.  2  sand  varied  from  104.2  to  108.4  pcf  (average  of  106.1  pcf).  In 
the  passive  arching  tests  only  No.  2  sand  was  used,  and  the  initial  density 
varied  from  105.0  to  107.6  pcf  (average  of  105.9  pcf). 


+  See  Section  6. 
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Fig.  44.  Comparison  of  One-Dimensional  Loading  Curves  for  Sand  2 
(From  Fig.  3.15,  Ref.  11) 
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In  comparing  the  theoretical  and  experimental  results,  saiid  No.  2  will  be 
considered  first,  since  both  active  and  passive  arching  tests  were  performed  on 
this  material.  From  Fig.  44  a  strain  value  was  read  for  the  75-psi  stress  level 
on  a  hypothet ical  curve  representing  an  initial  density  of  105.9  pcf  (the  aver¬ 
age  value  for  the  passive  arching  test).  Using  Eq .  (62)  below  an  A  value  was 
calculated 

0  =  AG3/2  (62) 


From  Fig.  42  an  angle  of  internal  friction  of  40  deg  was  obtained  for  a  density 
of  105.9  pcf. 

An  examination  of  Eq.  (105),  which  is  for  the  passive  arching  case  with 
nonlinear  soil  conditions,  shows  that  the  only  other  parameter  required  is  K, 
the  ratio  of  lateral  to  axial  stress. 


(105) 


The  particular  sands  used  in  these  tests  were  two  on  which  URS  had  conducted 
one-dimensional  compression  tests  for  Waterways  Experiment  Station  and  on  which 
K  values  were  measured.  Therefore,  a  K  of  0.35*  was  used. 

Using  these  soil  parameters  in  Eq.  (105)  and  correcting  for  the  fact  that 
at  >VB  equals  zero,  the  arching  ratio  was  not  always  1.0,  the  theoretical  curves 
in  Figs.  45  through  52  were  obtained.  Equation  (105)  was  written  for  the  case 
where  the  depth  of  cover  was  greater  than  the  zone  of  influence,  i.e.,  deeply 
buried.  Therefore,  one  would  expect  that  since  the  zone  of  influence  will  in¬ 
crease  with  an  increase  in  differential  deformation,  ",  B,  for  a  given  depth  of 

D 

burial  the  theoretical  curve  of  relative  stress  (Y)  versus  (ilg/B)  would  initially 
follow  the  experimental  curve  fairly  closely  as  J^/B  increased.  This  would 


*  In  addition  if  K  is  calculated  from  Jaky’s  equation  K  =  1  -  sin  c,  a  value 
of  0.357  is  obtained. 


EXPERIMENTAL 


Pig.  46.  Dimensionless  Plot  Of  Pressure  vs  Deflection  for  Passive  Arching  Tests  With  Sand 
H/B  =  2/3,  P_  =  75  psi  (From  Pie.  4.19.  Ref.  Hi 
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Dimensionless  Plot  of  Pressure  vs  Deflection  for  Passive  Arching  Tests  With  Sand 
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Fig.  48.  Dimensionless  Plot  of  Pressure  vs  Deflection  for  Passive  Arching  Tests  With  Sand 
H/B  =*  1-1/3,  P  =  75  psi  (From  Fig.  4.21,  Kei.  11) 
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Fig.  50.  Dimensionless  Plot  of  Pressure  vs  Deflection  for  Passive  Arching  Tests  With  Sand 
H/B  =  2,  P  =75  psi  (From  Fig.  4.23,  Ref.  11) 
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Fig.  51.  dimensionless  Plot  of  Pressure  vs  Deflection  for  Passive  Arching  Tests  With  Sand 


continue  until  The  <one  of  influence  Z 1  equaled  the  depth  of  burial  Z,  at 

which  point  the  relative  stress  (V)  would  have  reached  a  maximum  and  would 

not  ir.crepse  with  additional  A  /B  movements.  The  value  of  this  maximum 

u 

relative  stress  ran  be  computed  from  Eq.  (la)  since  it  represents  the  case 
where  the  maximum  shear  forces  have  been  developed. 

2K  tan  Q>  Z/B 

<j  «  qe  (4; 

V 

Values  of  the  appropriate  CTy  for  the  respective  depth  of  burial  (Z)  are 
plotted  in  Figs.  45  through  48.  They  are  not  plotted  in  Figs.  49  through 
52  since  their  magnitude  exceeded  the  maximum  value  of  the  ordinate  on  the 
graph . 


As  can  be  seen  from  studying  the  figures,  the  theoretical  curve  does 
indeed  follow*  the  experimental  curve  at  small  differential  displacements, 
and  *he  greater  the  depth  of  burial  ,  the  longer  it  follows  it  as  displace¬ 
ments  increase,  until  (Figs.  50  through  52)  the  curves  agree  out  to  a  Ag/B 
value  of  15,  the  maximum  value  of  the  abscissa. 


An  examination  of  the  shallow  depths  of  burial  shows  that  instead  of 
the  two  curves  following  each  other  until  the  maximum  value  is  reached,  the 
experimental  curve  departs  from  the  theoretical  and  becomes  asymptotic  at  a 
value  that  actually  exceeds  the  maximum  shear  value.  These  effects  are 
attributed  to  surface  soil  conditions  and  will  be  discussed  ir.  a  later  sec¬ 
tion.  The  curves  depart  from  each  other  m  the  same  manner  for  the  deeply 
buried  conditions,  however,  the  experimental  curve  becomes  asymptotic  to 
the  maximum  value  as  car.  be  seen  by  examining  Fig.  53  for  the  depth  of  burial 
H/ B  equal  2 . 

In  ordcr  ro  gi”<=  the  reader  an  indication  of  the  degree  of  agreement 
ir  terms  of  variation  in  soil  conditions,  the  effects  of  extremes  of  initial 
density  conditions  have  b^en  plotted  on  Fig.  50.  To  obtain  these  curves, 
the  A  values  we r**  -ompuTed  for  the  dense  initial  condition  of  110.4  pcf  and 
the  loose  initial  condition  of  97.0  pcf  from  the  stress  -strain  curves  in 
Fig.  44,  Cp  values  were  obtained  from  Fig.  42  for  the  appropriate  cases  and 


K  was  calculated  as  before. 
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Active  Arching  Case 

When  a  comparison  was  made  for  the  active  case  on  the  assumption  of  the 
same  A  value  as  for  the  passive  case,  i.e.,  the  same  stress  —  strain  curve,  a 
poor  fit  was  obtained.  It  was  realized  at  that  point  that  the  test  conditions 
were  not  compatible  with  that  assumption.  In  the  test  setup,  the  overpres¬ 
sure  was  applied  to  the  surface  before  any  displacements  of  the  piston  were 
allowed.  Therefore,  the  soil  was  fully  compressed  to  the  free-field  stress 
level,  and  any  movements  of  the  trap  door  thereafter  must  of  necessity  be  an 

r 

unloading  condition  fjot  the  soil  above  the  door.  Since  the  soil  is  not  elas¬ 
tic  and  has  a  different  stress  —  strain  curve  for  unloading,  it  was  recognized 
that  the  unloading  curve  was  the  one  to  apply. 

Fortunately,  unloading  curves  had  been  obtained  and  were  also  presented 
in  the  reference.  (They  are  reproduced  here  as  Figs.  54  and  55  for  sands 
No.  1  and  No.  2,  respectively.)  Unfortunately,  as  can  be  seen  from  an  exami¬ 
nation  of  the  graphs,  they  were  for  unloadings  from  much  higher  stress  levels 
than  those  which  were  used  in  the  arching  tests.  It  was  assumed,  for  the 
comparison  of  the  experimental  and  theoretical,  that  the  unloading  curve  from 
a  lower  stress  level  would  in  general  be  a  parallel  in  construction  to  that 
from  the  higher  level.  Thus  for  this  comparison,  an  unloading  strain  was 
taken  from  Fig.  55c  for  the  appropriate  stress  level  and  an  A  value  calcu¬ 
lated  from  Eq.  (62).  This  value  was  used  with  K  and  Cp  values  determined 
previously.  After  correcting  for  the  fact  that  the  initial  arching  ratio  was 
less  than  1,  i.e,,  normalizing  for  the  loss  caused  by  sidewall  friction,  the 
theoretical  curves  were  computed  and  are  plotted  in  Figs.  56  through  60.  As 
was  the  case  m  the  passive  arching  tests,  one  would  expect,  since  the  theory 
is  for  the  deeply  buried  condition,  that  the  fit  would  be  good  only  for  small 
displacement  at  shallow  depths. and  should  'et  better  for  larger  displacements 
at  greater  depths.  As  can  be  seen  by  examining  the  figures  as  the  depth  of 
burial  increases  the  theoretical  and  experimental  curves  do  come  into 
closer  agreement  until,  at  depths  cf  Wh  of  2  ar.d  4.  they  are  in  very  close 
agreement.  Early  agreement  between  the  experimental  and  theoretical  curves 
isn't  as  good  as  m  the  passive  case;  however  several  reasons  may  account 
for  this,  First  is  the  fact  that  an  approximate  unloading  curve  had  to  be  used 
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lot  of  Pressure  vs  Deflection  for  Active  Arching  Tests  With  Sand 
5  psi  (From  Fig.  4.16,  Ref.  11) 


for  th«  lower  stress  level.  Second,  the  nonlinear  relation  of  Eq.  (62)  is 
not  so  good  a  fit  to  the  shape  of  the  unloading  curve  as  It  was  to  the  load¬ 
ing  curve  Finally,  the  K  value  may  not  be  appropriate  throughout  the  entire 
range  since  on  the  unloading  cycle,  the  ratio  of  lateral  to  axial  stress  has 
been  observed  to  change,  becoaing  larger  at  very  low  stresses  at  least  in  the 
dynamic  case  (Ref .  12) 

The  value  of  the  minimum  relative  stress  for  each  depth  of  burial  was 
computed  from  Eq.  (2a) 


3  =  qe 

v 


-2K  tan 


Z/B 


(2a> 


and  is  plotted  on  appropriate  figures  Comparable  to  the  passive  case  the 
experimental  curve  becomes  asymptotic  to  a  minimum  value  less  than  that  pre¬ 
dicted  uy  Eq.  (2a)  at  the  shallow  burials. 

Figures  61  through  66  show  that  the  same  trends  in  correlation  are  in 
evidence  regarding  the  theoretical  and  experimental  results  for  the  two  other 
surface  overpressure  levels  used. 

i 

A  comparison  between  the  theoretical  and  experimental  active  arching  case 
for  sand  No.  1  is  shown  m  Figs,  67  through  72.  The  same  procedures  as  those 
used  for  sand  No.  2  were  used,  i.e.,  employing  soil  parameters  taken  from 
Figs.  42  and  54c.  As  can  be  seen,  the  same  goojd  correlations  exist.  It  should 
also  be  noted  that  a  much  belter  correlation  exjists  the  theoretical 

and  experimental  minimum  relative  stress  values. 

Apnl ipgticw  ,*  P; ff greet ial  Displacement  Data 

By  referring  to  Figs.  7,  10,  and  14,  it  can  be  seen  that  the  arching 
forces  are  caused  by  differential  displacement  between  plane  of  the  face  of 
the  structure  and  that  of  the  soil  that  was  coincident  with  that  plane  before 
loading.  It  can  be  further  seen  that  this  displacement  is  related  to  all  the 
soil  and  structural  parameters,  including  the  length  of  the  structure.  For 

-f 

shallow  depths  of  burial,  it  has  beer,  shown  tha,t  if  the  influence  zone  reaches 
the  surface  and  the  differential  displacement  hLs  been  more  than  necessary  to 
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Dimensionless  Plot  of  Pressure  vs  Deflection  for  Active  Arching  l\ests  With  Sand 
H/B  «  1/3,  P  *  110  psi  (From  Fig.  4.9,  Ref.  11) 
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Fin.  64.  Dlnenslonless  Plot  of  Pressure  vs  Deflection  lor  Active  Arching  Tests  With  Sand 


Fig.  67.  Dimensionless  Plot  of  Pressure  vs  Deflection  for  Active  Arching  Tests  With  Sand 
Jfi/B  =  1/3,  P  =  75  psi  (From  Fig.  4.1,  Ref.  11) 


Fig.  68.  Dimensionless  Plot  of  Pressure  vs  Deflection  for  Active  Arching  Tests  With  Sand 
H/B  *  2/3,  P  =  75  psi  (From  Fig.  4.2,  Ref.  11) 
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Fig.  70.  Dimensionless  Plot  of  Pressure  vs  Deflection  for  Active  Arching  Tests  With  Sand 
H/B  ■  2,  P  ■  75  psi  (From  Fig.  4.4,  Ref.  11) 
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FIs,  72.  Dimensionless  Plot  of  Pressure  vs  Deflection  for  Active  Archi""  Tests  With  Sand 
H/B  «  6,  P  *  75  psi  (From  Fig.  4.6,  Ref.  11) 


develop  the  maximum  shear  forte* ,  then  the  load  on  the  structure  will  Increase 
exponentially  with  depth*  For  greater  depths  of  burial,  it  has  been  shown 
that  for  a  given  set  of  soil  and  structure  parameters,  the  total  differential 
displacement  available  will  be  a  constant  and  result  in  a  constant  overstress 
regardless  of  the  depth  of  burial,  provided  the  zoneof  influence  doesn't 
Intersect  the  surface.  It  can  be  hypothesized,  therefore.  In  the  case  of 
the  trap  door  experiments,  that  a  given  differential  displacement  is  equiva¬ 
lent  to  a  structure  of  given  length  and  compre*albil tty .  All  other  parameters 
remaining  constant,  one  might  then  examine  the  effect  of  depth  of  burial  on 
the  hypothetical  structure  by  looking  at  the  same  value  of  differential  dis¬ 
placement  at  all  the  various  depths  of  burial.  It  should  be  possible  then  to 
plot  'urves  similar  to  those  ir.  Fig.  5  by  plotting  constant  differential 
displacement  for  various  depths  of  burial  ,  in  the  trap  door  experimental 
data. 

It  can  be  further  reasoned  that  if  differential  displacement  does  con¬ 
trol  the  zone  of  influence  and  total  overstress,  then  one  might  consider  that 
the  various  differential  displacements  represent  a  structure  of  given  length, 
but  each  differential  displacement  is  t epresentative  of  a  different  compress¬ 
ibility.  Bv  plotting  several  such  displacements  as  a  function  of  depth  a 
family  of  curves  can  be  obtained  indicating  the  effect  of  compressibility. 

As  can  be  seen  from  a  comparison  of  Fig.  5  with  Fig.  73,  a  plot  of  such  a 
family  for  sand  No.  2  for  the  active  and  passive  cases,  such  relationships 
appear  to  exist.  Particular  note  should  be  taken  that  when  the  depth  of 
burial  becomes  great  enough  the  relative  stress  becomes  a  constant  in  both 
the  active  and  passive  cases.  It  should  also  be  i.ofed  that  although  the 
theory  suggests  a  sharp  change  in  behavior  between  deep  and  shallow  burial , 
it  is  a  smoother  transition  probably  due  to  surface  layer  soil  conditions. 


DEPTH  OF  BURIAL  Z/B 


Fig.  73.  Relationship  Between  Depth  of  Burial  and  Relative  Stress 
for  Various  ^3/B  Values 


S«.  i  t  i. m  f* 


trtfecrs  OK  SIKKAFE  LAYERS 

Hit*  surface  laUi  11  io  3  in.  thtik  seems  to  possess  different  proper- 
tits  than  the  deeper  layers.  In  real  sirurtuus  this  is  unimportant  ,  but 
In  tin*  test  i>t  ai.v  sha 1  low -bur  led  small  mod*  1  -s ized  structures  this  could 
serve  to  contuse  the  investigation.  A1  t  hough  ‘ -l.ul  low  dt  prh  of  burial  w.is 
not  a  part  <*l  t  h  l  ~  studv  ,  o  rt.iiii  ob-ei  v ’at  ion-  worth  noting  were-  made. 

f  irst  ,  .is  indicated,  cuilicr  tests  at  shallow  depths  of  burial  in  both 
IKS  t  e  >  ?  s  a.-.d  t  i;  :  a  ..1  lit  !  .  11  si.  -*td  a  dep.irtaif  «t- »  *v<  n  Hiem.  and  t  \  pen- 
mental  re  suits .  in  the  experiment  nl  program,  the  relative  stress  tell  below 
the  theoretical  in  the*  passive  case  and  above  in  the  active  case,  i.e.,  less 
arching  occurre  1  in  each  case  lor  the  shallow  depths.  A  possible  explana¬ 
tion  might  be  that  looser  soil  conditions  probably  exist  in  the  surface  layer 
than  at  greater  depths.  As  support  for  tilts?  assumption,  it  can  be  shown  that 
the  tall  oil  ot  the  experimental  t rom  tin  theoretical  follows  the  same  shape 
as  the  low-dens  1 tv-cond 1 1 ion  theoretical  curve  plotted  in  Fig.  50. 

The  second  t  tin  ts  are  oh-etv.d  in  the  data  reporter!  in  Ref.  11.  At  the 
shallow  depths  ot  burial  in  t  la  passive,  case,  the  maximum  relative  .-tress 

i 

measured  is  greater  than  theory  would  predict,  while  tor  the  deeper  depths 
It  lends  to  agree.  Similar  results  aie  lound  at  shallow  depths  in  the 
active  case,  i.e.,  the  minimum  relative  stress  measured  is  less  than  t -at 
predicted.  Figure  71  shows  a  plot  ot  the  maximum  relative  stress  vs  depth 
ol  burial  tor  various  depths  ot  burial.  As  can  be  seen,  the  experimental 
result.-  show  a  higher  relative  stress  in  the  surface  layer  than  the  theory 
predicts,  but  they  become  a  closer  tit  at  greater  depths. 


t  ig.  74.  Relationship  of  Maximum  Relative  Stress  vs  Depth  of  Run;,! 
Showing  the  Effects  of  Surface  Layers 
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CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

Based  en  the  good  correlations  between  the  theory  and  the  experimental 
results  it  can  be  concluded  that  the  basic  arching  concept  of  soil  —  structure 
interaction  involving  shear  planes  is  adequate  to  describe  the  behavior  of 
small  ideal  1  y.ed  structures.  The  concept  also  appears  adequate  to  describe 
both  active  and  passive  conditions  through  a  full  range  >f  eompressibi 1 i ties 

It  is  further  concluded  that  real  soil  and  structural  parameters  as 
measured  separately  in  the  laboratory  can  be  used,  together  with  the  theory, 
to  predict  behavior,  rather  than  assuming  arbitrary  soil  parameters  as  has 
been  done  in  the  past.  The  soil  parameters  used  in  this  study  were  the  load¬ 
ing  and  unloading  stress— strain  curve,  obtained  from  a  constrained  compression 
test;  the  angle  of  internal  friction,  obtained  in  the  normal  manner;  and  the 
ratio  of  lateral  to  axial  stress,  obtained  from  URS  constrained  compression 

tests*  The  structural  parameters  used  were  the  effective  structural  modulus, 

+  * 

obtained  from  the  in-place  measurements,  and  the  structural  geometry,  i  o.  , 
the  length  and  span. 

From  the  correlation  obtained  by  application  of  the  thiory  to  results  of 
trap  door  experiments,  conducted  by  other  investigators,  it  appears  that  the 
interaction  caused  by  the  trap  door  motion  and  that  caused  by  the  relative 
compressibility  of  the  soil  and  structure,  on  structures  away  from  a  boundary, 
are  similar  It  can  also  be  concluded  from  an  analysis  of  these  results  that 
in  the  active  arching  case  the  relationship  between  the  loading  rate  and  the 
response  time  of  the  structure  will  determine  whether  the  loading  or  unload¬ 
ing  portion  of  the  soil  stress  -  strain  relationship  is  applicable  and,  there¬ 
fore,  the  amount  of  arching  that  will  occur.  This  results  from  the  fact  that 
ii  the  structure  responds  during  the  rise  time  of  the  loading,  then  the  arch¬ 
ing  will  be  governed  by  the  loading  portion  of  the  stress  —  strain  curve,  since 
the  soil  will  not  have  been  compressed  to  the  maximum  stress  before  the  mol  ion 

*  This  value  can  be  calculated  t rom  the  angle  of  internal  friction  by  means 
of  Jaky's  equation. 

**  This  value  can  be  obtained  from  structural  analysis  also. 
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of  the  structure  causes  an  unloading  to  occur.  However,  if  the  structure 
response  Is  longer  than  the  loading  time,  the  soil  will  have  been  compressed 
to  the  maximum  stress  before  unloading,  and  the  arching  will  be  controlled  by 

the  unloading  portion  of  the  stress  —  strain  curve.  The  loading  rate  will,  of 

course,  be  controlled  by  the  relaxation  effects*  of  the  soil. 

It  has  been  concluded  that  surface  layer  effects,  although  not  studied 
in  detail,  will  have  an  influence  on  studies  of  shallow  depths  of  burial  for 
model-sized  structures. 


RECOMMENDATIONS 

Since  a  good  correlation  seems  to  exist  between  the  theory  and  the  ex¬ 
perimental  results,  the  following  recommendations  arc  made: 

1.  That  the  theory  be  expanded  to  permit  prediction  of  the  distribution 
of  stress  across  the  face  of  the  structure .  (The  results  could  be 
compared  with  existing  experimental  data.) 

2.  That  the  theory  bo  expanded  to  Include  an  investigation  of  the  effects 
of  dynamic  arching. 

3.  That  an  experimental  study  be  conducted  to  investigate  more  thoroughly 
structural  compressibility  in  the  active  arching  case. 

4.  That  an  experimental  study  be  conducted  to  investigate  more  realistic 
structural  shapes,  such  as  those  having  arch  and  circular  cross 
sections,  to  determine  the  influence  of  shape  on  stress  distribution 
on  the  structure. 

5.  That  an  experimental  study  be  conducted  to  investigate  structural 
flexibility  as  distinguished  from  structure  compressibility  on  stress 
distribution  across  the  face  of  the  structure. 

6.  That  an  experimental  study  be  conducted  to  investigate  further  the 
causes  of  increased  structural  compressibility  due  to  burial,  i.e., 
sidewall  friction,  etc 

The  above  recommendations  are  not  necessarily  proposed  as  separate 
studies  but  may  be  combined  or  ordered  in  various  manners,  depending  upon 
the  immediate  objective.  These  recommendations  are,  however,  intended  to 
outline  what  is  felt  are  the  major  areas  requiring  investigation  in  order 
to  develop  the  basic  concepts  presented  herein  to  the  point  that  they  can  be 
applied  to  real  structural  shapes  and  eventually  to  real  structures. 


*  This  subject  is  discussed  in  detail  in  Rei  .  5. 
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Appendix  A  j 

URS  EXPERIMENTAL  PROGRAM 

Since  no  experimental  data  were  found  in  which  the  soil  and  structural 
parameters  were  sufficiently  controlled  to  allow  comparison  with  the  theo¬ 
retical  relationships  developed  in  the  first  part  of  this  report,  URS  under¬ 
took  a  very  limited  program  to  provide  enough  data  to  enable  a  comparison  to 
be  made . 

The  basic  objective  of  this  experimental  program  was  to  find  the  effect 
on  the  static  soi 1  —  structure  interaction  of  changes  in  the  ratio  of  soil 
modulus  to  structure  modulus.  Although  the  tests  were  conducted  in  the  URS 
dynamic  loader  only  data  at  equilibrium  conditions  were  computed,*  The 
approach  used  was  to  test  a  series  of  structures  having  a  wide  range  of  com¬ 
pressibilities  in  order  to  cover  the  passive  and  active  arching  cases.  A 
6-in .-diameter  structure  was  chosen  so  that  distribution  of  stress  on  the 
lace  could  be  measured  and  summed  to  obtain  the  total  load.  A  6-in.  length 
was  chosen  so  that  sufficient  passive  arching  forces  would  be  developed  to 
allow  a  reasonable  resolution  of  the  effects  of  structure  compressibility  on 
that  arching  force  over  the  full  range  of  compressibilities.  The  active 
arching  forces  would,  of  course,  range  from  free-fleld  stress  to  zero  as 
the  compress ibi 1 lty  increased. 

.Structural  load  measurements  were  made  with  a  series  of  piezoelectric 
stress  gauges  mounted  in  a  spiral  pattern  in  the  rigid  endwalls,  as  shown 
m  Fig.  75.  The  spiral  pattern  is  equivalent  to  a  very  close  spacing  along 
a  diameter  or  radius  and  provides  for  stress  distribution  across  the  face 
of  the  structure.  By  applying  the  stress  read  by  each  gauge  over  the  appro¬ 
priate  area  of  an  annulus  represented  by  the  width  of  that  gauge,  the  total 
load  on  the  structure  was  calculated. 

The  structures  were  to  be  tested  in  a  single  soil,  20  —  30  Ottawa  sand, 
placed  at  a  constant  relative  density  so  that  the  compressibility  of  the 


*  Since  the  loader  produces  a  step  pulse  which  can  be  held  for  any  desired 
duration,  the  equilibrium  condition  was  considered  to  be  equivalent  to 
static  conditions. 
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soil  would  be  a  constant  for  all  the  tests.  However,  In  efforts  to  obtain 
a  structure  compressible  enough  to  provide  active  arching  a  second  relative 
density  for  the  soil  was  used. 

In  order  to  design  the  structures,  it  was  necessary  to  ascertain  the 
modulus  of  the  soil  for  the  anticipated  test  conditions.  Since  the  soil 
used  was  the  20  —  30  Ottawa  sand  employed  in  other  URS  studies,  the  stress- 
strain  curves  obtained  in  those  tests  were  used  (see  Fig.  40).  A  value  of 
the  modulus  of  the  soil  of  approximately  9,000  psi  was  obtained  for  a  soil 
density  of  108  pcf.*  As  a  further  check  the  displacement  was  measured  at 
two  different  positions  within  the  soil  mass.  Since  no  known  methods  or 
instruments  were  available  to  measure  the  free-field  strain  of  the  soil  over 
a  gauge  length  of  6  in. ,  it  was  necessary  to  devise  a  method  for  accomplish¬ 
ing  the  measurement.  Two  linear  variable  differential  transformers  (LVDT) 
were  mounted  in  the  bottom  of  the  soil  bin  of  the  URS  Long-Duration  Dynamic 
Loader  (LDDL)  in  such  a  fashion  that  they  were  isolated  from  the  soil,  A 
1/8-in. -diameter  rod  was  connected  to  the  center  probe  of  the  LVDT  and 
extended  to  an  anchor  plate  embedded  in  the  soil  at  the  position  at  which 
the  displacement  was  to  be  measured.  The  1/8-in. -rod  was  protected  from 
the  friction  of  the  soil,  along  its  length,  by  running  it  through  a  1/2-in. - 
diameter  tube,  which  was  terminated  a  short  distance  from  the  actual  measur¬ 
ing  zone  in  order  that  the  effect  of  the  rigid  tube  (soil  —  structure  inter¬ 
action)  would  not  influence  to  an  appreciable  degree  the  soil  in  the  area  of 
the  measurement,  (See  Fig.  76.)  From  the  top  of  the  tube  to  the  anchor 
plate,  the  rod  was  covered  with  two  layers  of  teflon  tape  to  reduce  the  amount 
of  friction  on  the  rod  over  this  length.  The  upper  displacement  measurement 
was  taken  at  the  depth  of  burial  of  the  upper  face  of  the  structure,  while 
the  lower  measurement  was  taken  at  the  depth  of  burial  of  the  lower  face  of 
the  structure,  such  that  the  length  over  which  the  differential  deformation 
was  measured  was  2L  (the  structure  length,  see  Fig.  77).  The  soil  modulus 
of  deformation  measured  by  this  means  was  approximately  9,600  psi  at  45-psi 
surface  pressure.  This  compares  well  with  the  value  of  approximately 
9,000  psi  computed  from  the  stress  —  strain  curve. 

*  108  pcf  was  the  density  of  the  20—30  Ottawa  sand  used  in  these  inter¬ 
action  tests. 

++  To  calculate  the  soil  modulus,  the  free-field  stress  at  the  average  depth 
was  used. 
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As  stated  earlier  the  structural  configuration  selected  was  a  cylinder, 

6  in.  m  diameter,  6  in.  long,  with  rigid  endwalls  (1-in. -thick  aluminum 
plates),  as  shown  in  Figs,  75  and  77.  To  provide  the  wide  range  of  overall 
compressibilities,  the  endwalls  were  connected  with  hollow  cylinders  of 
various  compressibilities,  as  shown  ir.  Fig.  77.  The  variations  in  compressi¬ 
bilities  were  provided  by  a  change  in  cither  the  material  or  thickness  of  the 
cylinder.  Three  materials  were  used,  aluminum,  Plexiglas  and  Teflon,  It  was 
found  in  calibrating  the  finished  cylinders  that  the  Plexiglas  and  the  Teflon 
had  similar  modulii;  therefore,  the  more  compressible  structures  (Teflon)  were 
too  stiff.  After  they  had  been  machined  thinner,  it  was  found  that  the  rela¬ 
tive  stress  (overstress)  was  higher  than  was  expected.  An  LVDT  was  Installed 
in  the  structure  to  measure  the  compressibility  between  the  two  end  plates. 

It  was  found  that  although  sidewall  friction  on  the  sides  of  the  structure 
had  been  reduced,  the  amount  that  was  still  present  was  sufficient  to  Increase 
the  effective  stiffness.  Even  grease  and  a  rubber  membrane  did  not  reduce  it 
sufficiently.  Again  the  wall  thickness  was  reduced  in  an  effort  to  create  a 
structure  more  compressible  than  the  soil.  This  structure  collapsed  under 
Load.  However,  load-deformation  values  were  obtnlnud  prior  to  collapse  and 
are  plotted  in  Fig.  39.  In  view  ot  the  effect  that  the  rate  of  structural 
response  has  on  determining  which  stress  —  strain  curve  is  applicable,  the 
reason  for  the  collapse  seems  plausible.  The  structure  has  about  a  6-msec 
response  (to  maximum  deflection),  ns  shown  in  Fig,  41,  while  the  loading 
occurs  In  about  1.5  msec,  therefore,  the  lull  load  was  probably  applied  to 
the  structure  before  it  had  time  to  respond  completely.  Since  the  structure 
had  been  designed  for  high  compressibility  under  low  load,  the  structure 
collapsed  under  what  were,  apparently,  the  higher  loads  created  by  the  slow 
structural  response.  The  complexity  of  sidewall  friction  and  wave  propaga¬ 
tion  in  the  structure  makes  the  calculation  of  the  behavior  difficult  at 
this  time. 

The  results  of  this  limited  experimental  program  are  presented  in  Figs, 

37  and  39  and  are  discussed  in  Section  7. 


♦  To  calculate  the  soil  modulus,  the  free-field  stress  at  the  average  depth 
was  used. 
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13  ABSTRACT  ...  „  . 

Thi"  report  describes  a  theoretical  and  experimental  study  of  tne  ctfects  ot 
structural  length  and  compressibility  on  soil  -  structure  Interaction,  based  on  the 
applications  of  basic  concepts  of  active  and  passive  arching  involving  the  develop 
mont  of  shear  planes  in  the  soil. 

The  basic  theory  of  static  active  and  passive  arching  Is  reviewed,  and  theoret 
icil  relationships  describing  the  effect  that  structural  geometry  (length  to  span) 
haL  on  the  load  on  the  structure,  are  developed.  Equations  are  developed  for  pas¬ 
sive  and  active  arching  for  deeply  burled  Idealized  compressible  cylindrical  struc¬ 
tures  vertically  oriented.  Linear  and  nonlinear  soil  conditions  are  investigated. 

I  Equations  are  also  derived  to  predict  the  load  (on  a  trap  door)  resulting  from 
different  lal  strains  occurring  between  the  trap  door  and  the  bottom  of  the  soil 
bin  in  the  deeply  buried  condition.  Both  active  and  passive  arching  cases  and 
linear  and  nonlinear  soil  conditions  are  considered. 

A  limited  experimental  program  was  conducted  to  investigate  the  effects  of  the 
ratio  of  the  soil  to  structural  compressibility  on  the  load  on  the  structure.  Good 
correlations  are  shown  between  the  results  of  this  study  and  the  theoretical  pre¬ 
dictions  employing  soil  parameters  measured  In  normal  laboratory  soil  tests.  Sim¬ 
ilar  correlations  are  also  shown  between  the  results  of  a  trap  door  experimental 
study  and  the  theoretical  predictions. 

The  relationship  between  rate  ot  loading  and  the  rate  of  structural  response 
was  shown  to  be  a  controlling  factor  in  determining  whether  the  loading  or  unload¬ 
ing  stress— s  train  relationship  governs  the  arching  behavior. 
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